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Approximately 120 years ago, Elia Metchinikoff suggested that the main destiny of 
immunity is not a battle against nonself, but rather a harmonization inside self. 
Although a prototype of the immune system seems to be for elimination of aliens 
such as viruses, bacteria, protozoa, parasites, and fungi, the system has originally 
evolved for clearance and utilization of emerging debris from lastingly dying cells 
of its own. Therefore, the immune functions are chiefly directed “inward” rather 
than “outward” and are based on the intrinsic recognizing components of the “self.” 
That is why the immune system sometimes attacks its own organs and tissues, 
including the testis, under some abnormal conditions in mammals. 

For living organisms, “growth and reproduction are basic,” and the “self-defense 
system involving immunity” supports both. In medical schools, various practices in 
anatomy, physiology, biochemistry, pathology, and other important areas have been 
provided. Among these, practices in parasitology were most special and unique for 
the author. For medical students who are familiar with mammals, observing flat- 
worms under a stereoscopic microscope may be an extraordinary experience. In the 
bodies of hermaphroditic animals, digestive and reproductive organs are closely 
compacted exactly as “growth and reproduction are basic for living organisms.” 
However, in these parasites, the spermatozoa and ova are never rejected and dam- 
aged by the self-immune system. Therefore, autoimmune phenomena against 
gonads and gametes are considered a byproduct of biological evolution of far com- 
plexed immune system in mammals. Various relationships between the reproductive 
and immune systems in mammals have been explored in the field of “reproductive 
immunology.” 

In recent years, most publications in reproductive immunology have focused on 
the role of the uterus, fetus, placenta, and their combination; fewer papers have 
examined gonadal and gamete immunology. However, the gonads are core organs 
for the reproductive system. In this book, the author presented an idea that “the 
testis is an immunologically privileged but also immunologically fragile organ.” 
Considering that idiopathic gonadal failure often involves the autoimmune 
responses, studies on the developmental association between the gonads and lym- 
phoid organs must be more focused on. In particular, the testis is specific in that it 
produces spermatozoa of which differentiation antigens newly appear long after the 
establishment of immune tolerance and therefore contains strong and much 
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autoimmunogenic antigens. In other words, spermatogenesis begins at puberty, at a 
time far after which the immune system recognized the body’s own antigens as 
“self.” 

This book reviews various investigations on testicular autoimmunity and its bio- 
logical background based on clinical and experimental approaches. In spite of the 
presence of highly autoimmunogenic antigens inside the testis, why do most men 
not develop testicular autoimmunity? Its aim is to attempt to understand the regula- 
tory mechanisms that normally prevent testicular autoimmunity and the events that 
overcome the regulatory mechanisms. The author hopes that this book would be 
helpful for further investigation on inflammation of autoimmune or non-autoimmune 
origin in the testis. 


Tokyo, Japan Masahiro Itoh, MD 
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Biological Background of Testicular 
Autoimmunity 


1.1 Introduction 


The process of sperm formation can be divided into three separate components: (1) 
spermatogenesis, the formation of spermatids that have undergone first and second 
meiotic divisions but have remained round in shape; (2) spermiogenesis, the process 
for that spermatids to undergo a morphologic change in shape from round cells to 
potentially motile, tadpole-shaped cells; and (3) spermiation, the release of elon- 
gated spermatids into the seminiferous tubules’ lumen from their relationship with 
Sertoli cells. The entire process of sperm production occurs over approximately 
4 and 10 weeks in mice and men, respectively (Oakberg 1956; Heller and Clermont 
1963). Spermatogenesis, spermiogenesis, and spermiation begin at puberty, at a 
time long after which the immune system recognizes the body’s own antigens as 
“self.” In particular, haploid cells (=spermatids and spermatozoa) are quite new 
typed for the body and express various new differentiation antigens that are not 
found in diploid cells such as spermatogonia and spermatocytes. Therefore, there is 
a risk that all men develop autoimmunity to their own spermatids and spermatozoa 
under some pathological condition. 

The origin of infertility of many cases is now believed to be primarily in the 
male partner. Indeed, a considerable number of cases are characterized by idio- 
pathic male infertility, a disturbance of spermatogenesis that is without obvious 
causes at the time of diagnosis. Recently, testicular autoimmunity is considered to 
be a significant cause of idiopathic male infertility (Naito et al. 2012). Many cases 
of the spermatogenic disturbance associated with male infertility may be the end 
stage of earlier episode of autoimmune orchitis. Experimentally, it is very easy to 
induce autoimmune orchitis by various protocols in mice, rats, and guinea pigs 
(Tung 1998; Itoh et al. 2005; Lustig and Tung 2006; Naito and Itoh 2008). This 
means that, among various autoantigens in the whole body, testicular ones may be 
highly autoimmunogenic. 
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2 1 Biological Background of Testicular Autoimmunity 


1.2 Developmental Phase Differences 
Between Reproductive and Lymphoid Organs 


All living organisms are subject to the principle of transience, i.e., they go through birth, 
growth (activity), and, after a peak is reached, regression and eventual death (extinc- 
tion) (Fig. 1.1). This pattern applies not only to living organisms but also to everything 
in this world, including inanimate objects such as tools, cars, and buildings. 

Miki (1983) noticed “phase alternation from growth to reproduction,’ which is 
common to plants and animals. He offered profound insight into the constant change 
that is characteristic of everything in the universe, the spiral of eternal circumnaviga- 
tion, the rhythm of the universe, and cosmic rhythm (Fig. 1.2). Scammon (1930) also 
described “developmental phase in each organ system,” demonstrating that each organ 
system has its own growth time course in an individual organism (Fig. 1.3). Based on 
Scammon’s growth curves, the author created the developmental waves depicted in 
Fig. 1.4, illustrating only the lymphoid and reproductive organs. This figure shows 
that the lymphoid organs are the earliest to degenerate, and the reproductive organs 
are the slowest to mature. 


Fig. 1.1 A schema 
showing that all things 
flow and nothing is 
permanent 


Activity 


Birth Death 
Age 
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Fig. 1.2 A flow from the 
growth to the reproduction 
(Miki 1983; partly Birth Death 
modified) Time 
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Fig. 1.3 Human growth 
curves (Scammon 1930; 200% 
partly modified) 
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Fig. 1.4 The change from lymphoid phase to reproductive phase during pubertal period 


1.3 Evolution of the Reproductive and Immune Systems 


The reproductive system is responsible for maintaining species and connecting 
lives. The immune system, or the self-defense system, is responsible for preserving 
the individual. When considered from the perspective of the recognition system, 
which recognizes the distinction between self and nonself, immunity is also involved 
in maintaining species. For example, if tissues and organs from other animals could 
be easily transplanted with no immunological rejection, the very concept of species 
would be questionable. Therefore, both immune and reproductive systems provide 
support for the maintenance of species (Fig. 1.5). 


4 1 Biological Background of Testicular Autoimmunity 


Fig.1.5 The species 
supported by both 
reproductive and immune 
systems 
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Fig. 1.6 The evolution of the reproductive system 


It is known that life was born approximately 3500 million years ago. In the pro- 
cess of evolving from unicellular to multicellular organisms, living organisms also 
evolved from asexual to sexual reproduction (Fig. 1.6). If males are considered as 
DNA presenters and females as DNA receivers, sexual reproduction may be present 
at the unicellular level (Ramaley 1968; Sherwood et al. 2014). In addition, during 
the course of evolution, multicellular organisms acquired a system that allows clas- 
sification of cells into two types: somatic and germ cells (gametes). Germ cells have 
further evolved from isomorphic gametes to heterogametes, and the mode of exis- 
tence of the sexes has evolved from hermaphroditic to gonochoristic. 

The Earth came into existence approximately 4500 million years ago, and unicel- 
lular organisms are believed to have emerged approximately 3500 million years ago. 
Multicellular organisms are believed to have emerged approximately 1000 billion 
years ago, and the appearance of spermatozoa and ova among multicellular organ- 
isms is believed to have occurred approximately 600 million years ago (Fig. 1.7). 
Spermatozoa and ova arose from porifera (sea sponges). By the coelenterate stage, 
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animals were equipped with testes and ovaries. When platyhelminthes emerged, the 
reproductive system started to develop to the point that reproductive organs could be 
identified; however, no lymphoid organ-like structure had yet developed at this evo- 
lution stage. The development of immune system is another change during the evolu- 
tion from unicellular to multicellular organisms. This system development was based 
on receptors that allowed for adherence (acceptance) between individual similar cells 
and rejection of foreign cell adherence. This possibly began when various humoral 
substances responsible for innate immunity were first produced, and then macro- 
phages capable of phagocytozing foreign substances came into existence. Later, 
approximately 400 million years ago, the lymphocytes responsible for acquired 
immunity started to emerge (Fig. 1.7). However, only vertebrates have possessed 
highly evolved lymphoid organs such as thymus, spleen, tonsils, Peyer’s patches, 
appendix, and lymph nodes. Lymph nodes therefore did not exist until the appear- 
ance of higher organisms such as mammals and some birds (Itoh 2009). 
Collectively, spermatozoa and ova, which developed earlier in the process of 
evolution, appeared approximately 600 million years ago, and their existence was 
found to be widespread in plants, invertebrates, and vertebrates. Lymphocytes, on 
the other hand, which developed approximately 400 million years ago and therefore 
later than germ cells in the process of evolution, have been absent in invertebrates. 
Invertebrates thus have developed only innate immunity. Therefore, the emergence 
of lymphoid organs has been restricted to only in higher vertebrates and was approx- 
imately 0.2 million years later than that of spermatozoa and ova (Fig. 1.8). 
Meanwhile, a reverse phenomenon occurs during the development of individual 
mammals: the more newly evolved lymphoid organs containing lymphocytes now 
undergo maturation earlier than the appearance of differentiated germ cells, which 
arose earlier in the evolution process (Fig. 1.8). The physiological relationship 
between the regression of lymphoid organs and the maturation of gonads in an 
individual mammal is characterized by the fact that when the mammal is 
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Fig. 1.8 The phylogeny of lymphoid and reproductive organs is reversed with the ontogeny 


experimentally castrated during its sexual maturation period, the atrophied thymus 
and spleen become hypertrophic again (Dean et al. 1984; Utsuyama and Hirokawa 
1989; Utsuyama et al. 1995). 


1.4 Offensive Attack on Germ Cells by Acquired (Adoptive) 
Immunity 


The reproductive system has evolved to allow individuals to interact with each other 
(i.e., fusion with the nonself), whereas immune system has evolved to make distinc- 
tions between self and nonself, thereby allowing the elimination of nonself. Therefore, 
while these two systems cooperate in maintaining species, they are also polar oppo- 
sites (Fig. 1.9). This contradiction is especially pertinent in higher organisms because 
“after the immune system consisting of the exclusion of non-self has been estab- 
lished, mature germ cells containing new differentiation antigens (=self-antigens but 
recognized as non-self-like ones) appear and have a chance of their fusion (i.e., fer- 
tilization).” As a result, acquired immunity (which evolved later) may attack mature 
germ cells and fertilized eggs (which evoluted earlier). In fact, phenomena related to 
this issue include defects in the maturation of germ cells, failed fertilization, failed 
implantation, and miscarriages by autoimmune mechanisms (Itoh 2009). 
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Fig. 1.9 Immunity and reproduction in terms of relation with nonself 


1.5 Harsh Immunological Fate of Male Haploid Germ Cells 
(Spermatids/Spermatozoa) 


Female reproductive organs are strongly influenced by changes in the endocrine 
environment such as menstruation, pregnancy, and menopause, whereas for male 
reproductive organs, the environment remains relatively constant after the drastic 
changes that take place during puberty. In the female reproductive organs, monthly 
ovulation and subsequent ovum transport occur, and also the entry of spermatozoa as 
allogeneic cells is permitted, and then the embryo and fetus as semi-allogeneic cells 
are nurtured. Therefore, spermatozoa, embryos, and fetuses are sometimes likely to 
be immunologically rejected in females. In contrast to female reproductive organs, 
male reproductive ones daily produce, transport, and excrete germ cells in a monoto- 
nous rhythm. Thus, the environment in the male reproductive organs seems more 
immunologically stable than that in the female reproductive organs. However, in the 
phase difference between lymphocytic differentiation and appearance of haploid 
cells, spermatids and spermatozoa are most likely to be targeted for immunological 
elimination not only in the female but also in the male (Fig. 1.10). It is noted that 
daily produced haploid spermatids are quite many in number compared to a monthly 
produced haploid ovum. Thus, males may daily present much autoimunogenic auto- 
antigens to the immune system. Moreover, an ovum is produced just after ovulation 
by dividing a diploid oocyte and survives only for 1 day, indicating that an ovum can 
pass through immune surveillance easily in females. In contrast, spermatids and 
spermatozoa that survive apparently longer than an ovum may easily stimulate 
immunity in both males and females. Figure 1.11 shows that the life cycles of germ 
cells are completely different between males and females. In humans, primordial 
germ cells of both males and females are ready in the form of immature cells inside 
the gonads by the eighth week of intrauterine life. However, the number of primor- 
dial follicles in the ovaries reaches a peak (approximately 7 million) at 5 months of 
intrauterine life and decreases to approximately 2 million at the time of birth, then 
to several tens of thousands by puberty, after which it continues to decrease rap- 
idly. These primordial follicles disappear completely by the age of approximately 
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Fig. 1.10 Differentiation of male haploid germ cells after the establishment of immune tolerance 
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Fig. 1.11 Chronological changes of germ cell numbers in male and female gonads 


50 years, at the time of menopause. On the other hand, only a small number of sper- 
matogonia, which are the progenitors of spermatozoa, develop within the testis from 
the time of intrauterine life until puberty. Once puberty is reached and lymphoid 
organs regress, active spermatogenesis begins. Approximately 100 million spermato- 
zoa are then produced on a daily basis. This process continues until old age. 

Figure 1.12 is a combination of Figs. 1.4 and 1.11. In this figure, spermatids and 
spermatozoa are depicted as cells that are the last in the human body to mature. 
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Fig. 1.12 The developmental relation among gametes, lymphoid organs, and reproductive organs 


Spermatids are newcomers (=cells bearing new self-antigens and immunologically 
recognized as nonself-like ones) that emerge far later than the period of neonatal 
immune tolerance from fetal to infant period. According to previous studies, sperma- 
tids and spermatozoa on the adluminal side of the blood-testis barrier (BTB), which 
are composed of inter-Sertoli cell junctions in the seminiferous tubules, are believed 
to be protected from detrimental immune attacks (Fig. 1.13). However, based on the 
findings of several research groups, the BTB does not completely isolate spermatids 
and spermatozoa from immune system in mammals; instead, these cells are subtly 
maintained in a state of balance recognized by the individual’s own immune system 
and are not rejected under normal circumstances (Taguchi and Nishizuka 1981; Itoh 
et al. 199 1a, b, c, 1992, 1994; Yule and Tung 1993). If this balance is broken by any 
chance, the spermatogenic disturbance of autoimmune origin would be triggered 
immediately. In any case, haploid germ cells (having 23 chromosomes), which are at 
the apex of male germ cell differentiation, are completely different from diploid 
germ cells (having 46 chromosomes); therefore, they possess newly formed autoan- 
tigens that are recognized as nonself and are likely to be subjected to immunological 
rejection. This is an unacceptable risk in primitive animals. 

In males, both spermatids and spermatozoa are autoimmunogenic; however, 
more vulnerable germ cells in autoimmune phenomena are spermatids (that have 
just completed meiosis) than spermatozoa (Itoh et al. 1991a, b, 1994). The male 
immune system may first perceive appearance of spermatids in the testis as com- 
pletely different from any other previously encountered and tolerated diploid cells. 
Spermatids, which have more abundant cytoplasm than spermatozoa, should con- 
tain various types of autoimmunogenic differentiation antigens of large amounts. In 
contrast, spermatozoa are completed by sloughing off fragments of autoimmuno- 
genic spermatid cytoplasm as residual bodies. Therefore, the elements most suscep- 
tible to autoimmune inflammation may be not the vas deferens and epididymis, 
which contain large amounts of mature spermatozoa in the lumen. Rather, the testes, 
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Fig. 1.13 Histology of the testis involving various cell kinds. BTB blood-testis barrier (composed 
of inter-Sertoli cell junctions) 


where spermatids emerge from miosis, may be more susceptible. Factors likely to 
inhibit autoimmune responses to spermatids in the testis are summarized in 
Fig. . Although the actual contribution of each factor is unknown, a wide variety 
of inhibition mechanisms is estimated to be at work locally in the testes. 

In female reproductive tracts, spermatozoa but not spermatids are transported to 
reach an ovum. Like spermatids, spermatozoa have acquired differentiation anti- 
gens unique to haploid cells as a result of meiosis, and the antigens will be recog- 
nized by female immune mechanisms as allogeneic antigens after ejaculation to the 
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Fig. 1.14 Immunosuppressive factors in the testis. TGC testicular germ cells 


female reproductive tracts. Therefore, they may be in serious danger on the way to 
the ovum. Even if they achieve fertilization and implantation of the blastocyst, both 
the embryo and the fetus which contain half the genes from a sperm may still be 
recognized as semi-allografts and be immunologically rejected. This is the pathetic 
fate of spermatozoa of higher organisms (Fig. 1.10). 


1.6 Endocrinological Relation Between the Testicular 
and Immune Functions 


The testis and systemic immunity are not only immunologically but also endocrino- 
logically linked (Rebar et al. 1980, 1981a, b, 1982; Rebar 1982; Strich et al. 1985a; 
Suh et al. 1985; Farookhi et al. 1988; Hince et al. 2008). Many hormonal studies 
have demonstrated that the presence of thymic epithelial cells and thymic lympho- 
cytes affects testicular function. A chromatographic fraction obtained from the 
acetone powder of prepubertal rat thymus increased secretion of luteinizing hor- 
mone and follicle-stimulating hormone from cultured pituitary cells stimulated with 
luteinizing hormone-releasing hormone. Thymosin beta-4, a product of thymic epi- 
thelial cells, stimulated the release of luteinizing hormone-releasing hormone from 
rat hypothalamus in vitro (Rebar et al. 1981a, Suh et al. 1985). Thymulin, another 
product of thymic epithelial cells, stimulated proliferation of spermatogonia in vitro 
(Prepin et al. 1994). In seminiferous tubules of congenitally athymic mice, degen- 
eration of testicular germ cells (TGC) is focally found in athymic mice of CD1, 
BALB/c-nu/nu, LASAT, and KSN strains (Itoh et al. 1997). The degenerating mor- 
phology was characterized by karyopyknosis and karyolysis of immature TGC, 


12 1 Biological Background of Testicular Autoimmunity 


multinuclear giant cell formation, and severe depletion of seminiferous epithelium 
with remaining Sertoli cells and/or some spermatogonia. The severity and the onset 
of spontaneous degeneration and depletion of TGC in congenitally athymic mice 
were different among the four strains examined. Plasma testosterone levels of neo- 
natally thymectomized male rats were significantly lower than those of sham- 
operated animals. Congenitally athymic male mice had an insufficient secretion of 
both gonadotropin and testosterone compared to thymus-bearing normal mice 
(Pierpaoli and Besedovsky 1975; Rebar et al. 1980, 1982; Chesnokova et al. 1987). 
Human chorionic gonadotropin binding to rat testis receptors is inhibited by a thy- 
mus factor with the resultant reduction of testosterone secretion (Pedernera et al. 
1986; Hiriart and Romano 1986; Reyes-Esparza and Romano 1989). Neonatally 
thymectomized animals at 4 weeks of age had a significantly higher concentration 
of plasma testosterone than did the sham-operated animals (Deschaux et al. 1979). 
Estradiol benzoate injected into 5-day-old male rats produced marked damage to 
the seminiferous epithelium, azoospermia, and decreased androgen production in 
later life. However, rats injected with a suspension of thymic cells within the first 
24 h of life and then with estradiol benzoate at 5 days of age were fertile (Kincl et al. 
1965). Therefore, male infertility induced by neonatal estradiol treatment could be 
prevented by adoptive transfer of thymocytes. These findings indicate that the thy- 
mus modulates testicular function and may affect testicular autoimmunity from 
both immunological and endocrinological aspects. 

On the contrary, the testis affects the immune function involving the thymus. 
Testosterone impairs thymocyte proliferation in response to the mitogen (Yao and 
Shang 2005). Hypertrophy of the thymus is induced in mice and rats by gonadectomy 
(Dean et al. 1984; Utsuyama and Hirokawa 1989). In experiments using mice that 
were gonadectomized and grafted with thymus from irradiated newborn, 6-week-old, 
or 26-week-old syngeneic donors, gonadectomy appeared to promote immigration of 
thymocyte precursors into the grafted thymus and to enhance proliferation and dif- 
ferentiation of thymocytes toward CD4*CD8~ T cells, in an age-related manner 
(Utsuyama et al. 1995). The presence of androgen and estrogen receptors on macro- 
phages, lymphocytes, and thymic stromal cells was noted (Cutolo et al. 1996; Hince 
et al. 2008). It was also demonstrated that orchiectomy induced electron microscopic 
changes of Kupffer cells. Gonadotropin-releasing hormone antagonists significantly 
reduce the percentage of Treg and increase the proportion of NK cells in human males 
(Page et al. 2006). This suggests that sex hormones directly act on lymphocytic func- 
tion. Ovariectomy does not significantly affect activities of hepatic and splenic reticu- 
loendothelial system. In contrast, orchidectomy results in significant enhancement of 
both hepatic and splenic reticuloendothelial system activities (Ooga et al. 2001). 
Furthermore, orchiectomy results in expansion in the numbers of B cells in the bone 
marrow and spleen (Viselli et al. 1997). B cell expansion in the bone marrow and the 
spleen was not altered by prior thymectomy, suggesting that thymic androgen recep- 
tors are not involved in the observed effects. Androgen receptors were also found to 
be present in both immature B cells and marrow stromal cells (Viselli et al. 1997). On 
the measurement of sex hormones, the serum concentrations of testosterone in control 
males (approximately 7000 pg/ml) were much higher than those of estradiol in control 
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females (approximately 20 pg/ml) in mice (Ooga et al. 2001). In human, the serum 
concentrations of testosterone in males range from 250 to 1100 ng/dl, while those of 
estradiol in females range from 10 to 60 ng/dl. Therefore, changes in the sex steroid 
concentrations caused by gonadectomy more dramatically occur in males rather than 
in females. Moreover, in human, it was demonstrated that androgen receptor expres- 
sion is greater in macrophages of males than of females (McCrohon et al. 2000). It 
was also reported that male mice have fewer epidermal Langerhans cells than females 
and that orchiectomy resulted in induction of their mitosis leading to an increase in 
their density (Koyama et al. 1990). This indicates that the presence of testosterone- 
secreting testis physiologically downregulates male immune system (Trigunaite 
et al. 2015). Therefore, testicular dysfunction induced by various causes may aug- 
ment systemic immune responses and affect testicular autoimmunity. 

More recently, Markle et al. (2013) studied a sex differences in the gut microbi- 
ome drive hormone-dependent regulation of autoimmunity and suggested that 
changing the gut microbial environment can change testosterone levels, thereby 
modifying progression to autoimmunity. They demonstrated that colonization by 
commensal microbes elevated serum testosterone and protected NOD males from 
type 1 diabetes. Transfer of gut microbiota from adult males to immature females 
altered the recipient’s microbiota, resulting in elevated testosterone and metabolic 
changes, reduced islet inflammation and autoantibody production, and robust type 1 
diabetes protection. These effects were dependent on androgen receptor activity. 
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Microcircumstance for Induction 
and Prevention of Testicular 
Autoimmunity 


2.1 Introduction 


The major functions of the testis are spermatogenesis and steroidogenesis. The his- 
tological structure of the adult testis is organized by two distinct regions: the semi- 
niferous tubules and the interstitial spaces between tubules. Spermatogenesis takes 
place within the convoluted seminiferous tubules, which originate from the periph- 
eral testis, connect the tubuli recti, and then terminate at the rete testis (Fig. 2.1). 
Testicular germ cells (TGC) leave the testis from the rete testis. The seminiferous 
tubules, tubuli recti, rete testis, ductuli efferentes, epididymal ducts, and vas defer- 
ens form a functional unit and are in direct continuity for the transport of germ cells 
(Fig. 2.1). Steroidogenesis is fulfilled by Leydig cells in the interstitial spaces. The 
sex hormones, mainly testosterone, are critical for normal spermatogenesis by their 
paracrine action on the seminiferous epithelium. These histological structures for 
spermatogenesis and steroidogenesis are broken by local inflammation. Testicular 
autoimmunity is caused by immune responses against various testicular autoanti- 
gens, resulting in the lymphocytic infiltration and the spermatogenic disturbance. 
For induction or inhibition of testicular autoimmunity, controls of both systemic 
immune responses against testicular autoantigens and local immuno-circumstances 
inside the testis are important. 


2.2 Autoimmunogenicity of Spermatids and Spermatozoa 


The seminiferous epithelium is subdivided into two compartments. The first (basal) 
compartment, which is basal to the blood-testis barrier (BTB), contains spermato- 
gonia and young spermatocytes that have free access to substances from the vascu- 
lar compartment; the second (adluminal) compartment lies above the BTB and 
represents the microenvironment that is isolated from the vascular system, where 
meiosis, spermiogenesis, and spermiation occur. 
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Fig. 2.1 Anatomy of germ cell duct system in males. Caput 
D ductuli efferentes, E epididymis, R rete testis, S 
seminiferous tubule, T tubuli recti, V vas deferens 


@ TGC (testicular germ cells) 
ə Phagocytosed TGC fragments by Sertoli cells 


e Excreted TGC autoantigens to the outside of the 
seminiferous tubules 


$ BTB (blood-testis barrier) 


Fig. 2.2 A hypothesis of excretion of TGC autoantigens to the testicular interstitium under physi- 
ological condition. B blood capillary, BL basal lamina, LC Leydig cell, Mg macrophage, PM peri- 
tubular myoid cell, § Sertoli cell 


Spermatids and spermatozoa emerging from meiosis do not appear in the semi- 
niferous epithelium until puberty, when immune tolerance has already been estab- 
lished. Different from spermatogonia and preleptotene spermatocytes having 46 
chromosomes, spermatids and spermatozoa are quite new in that they have only 23 
chromosomes and express various new developing antigens (Ike et al. 2007). A 
large number of novel proteins are expressed in developing TGC during spermato- 
genesis (Fig. 2.2). Hence, they contain various autoimmunogenic antigens which 
are recognized as foreign bodies, alien substances, nonself, or neo-self by self- 
immune system, leading to a challenge to the immune system. However, under nor- 
mal conditions, the haploid cells are sequestered and preserved from the circulatory 
system by the BTB. 
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Localization of autoantigens detected by circulating autoantibodies in mice 
injected with syngeneic TGC alone was immunohistochemically studied by reaction 
of the immune sera with frozen sections of the testes from various aged mice (Itoh 
et al. 1994). The results showed that the reactivity of immune sera was detected in the 
testis sections of normal mice older than 24 days of age but not in those mice younger 
than 20 days of age. It is well known that the seminiferous tubules of mice contain 
spermatogonia at the day of birth, preleptotene spermatocytes at 1 week of age, 
pachytene spermatocytes at 2 weeks of age, round and oval spermatids at 3 weeks of 
age, the elongating spermatids at 4 weeks of age, and most mature (elongated) sper- 
matids at 5 weeks of age (Vergouwen et al. 1995). Therefore, the immunostain was 
detected on spermatids of various stages, and immature TGC, such as spermatogo- 
nia, preleptotene spermatocytes, and pachytene spermatocytes, are not reactive with 
the immune sera. Using microarray analyses of 1315 testicular genes in adult and 
juvenile mice, 46% exhibited an increase of twofold or more in adults compared to 
juveniles and 22% decrease of twofold or more (Ike et al. 2007). On the basis of the 
fundamental difference in expression profiles, and molecular functions of the 
encoded products, the genes were classified into seven groups: the postmeiotically 
upregulated genes encoding various enzymes, structural proteins, regulatory pro- 
teins, chaperones, downregulated genes encoding hemoglobulins, oxidation-/ 
reduction-related proteins, or machinery associated with protein synthesis, such as 
ribosomal proteins. Liu et al. (1992) have immunohistochemically demonstrated that 
mouse sperm antigen (MSA-63) detected by a monoclonal antibody (HS-63), which 
mainly recognizes proteins on the acrosomal region of the spermatozoa, was not 
expressed until 25 days after birth. This period is in accord with the time at which 
TGC initially acquire a delayed-type hypersensitivity (DTH)-eliciting capacity and 
lymphostimulatory activities for cytokine production in the immunized mice 
(Soramoto et al. 1993). In addition to the appearance of new autoantigens in mice 
older than 24 days of age, TNF-alpha, a potent pro-inflammatory cytokine, is endog- 
enously synthesized by TGC within normal seminiferous tubules (De et al. 1993). 

Severe inflammation is easily and locally induced by subcutaneous injection with 
prepared syngeneic spermatozoa without the use of any adjuvants in mice (Ball 1984). 
The lesion at the injection site developed in a characteristic sequence which is divided 
into four stages: acute inflammation, simple chronic inflammation, granuloma forma- 
tion, and repair. The acute inflammation was seen at 6 and 24 h. Large numbers of 
neutrophils, many containing phagocytosed sperm heads, were present. The small 
number of macrophages was noted at 6 h, but they were more conspicuous by 24 h. 
Between 2 and 4 days, large numbers of spermatozoa persisted and were associated 
with an infiltrate of many macrophages. Neutrophils were rarely seen in such lesions. 
From 5 to 9 days, discrete masses of mononuclear inflammatory cells, predominantly 
macrophages but including some epithelioid cells and a few Langhans-type giant 
cells, were present. The lesions generally contained few spermatozoa. Some lympho- 
cytes and eosinophils were seen at the periphery of the lesions, and there was a fibrous 
connective tissue at this site. By 14—21 days, small numbers of extracellular sperma- 
tozoa were associated with an infiltrate of macrophages surrounded by a zone of 
immature fibrous tissue. The acute inflammatory phase of the lesion appeared more 
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severe and vigorous in the mice previously immunized against syngeneic spermato- 
zoa than in its immunologically innocent counterparts. There is a sex difference in 
DTH reaction to syngeneic TGC. Both male and female mice were subcutaneously 
injected with TGC, and the DTH reaction was elicited with TGC 6 days after the 
immunization. The results showed that the DTH was detected in female mice, but not 
in male mice. A sex difference in the DTH reaction to sheep red blood cells was not 
detected. It is noted that the sex differences in the DTH against TGC were attributed 
to TGC other than spermatozoa because a sex difference was not detected against 
spermatozoa (Ball 1984; Yoshida et al. 1983). 


2.3 Protection of Autoimmunogenic Spermatids 
and Spermatozoa by the Blood-Testis Barrier (BTB) 


The functional meaning of the BTB can be referred to two main aspects: (1) the 
maintenance of a specific milieu for the differentiation of TGC and (2) their segrega- 
tion from the immune system of the body. The BTB is created near the basal lamina 
by various junctions including tight junction, basal ectoplasmic specializations, gap 
junctions, and desmosome-like junctions between two adjacent Sertoli cells (Mruk 
and Yan Cheng 2015). The BTB function is to completely exclude all cellular and 
molecular traffic via the extracellular space between the Sertoli cells (Dym and 
Fawcett 1970). Basal to the tight junctions, the premeiotic spermatogonia are located 
near the basal lamina and the bloodstream. After the first step in meiosis, a new tight 
junction is formed below the developing spermatogonia, and the old tight junction 
above the new one will be lost (Bart et al. 2002). During spermatogenesis, maturing 
spermatogonia are transported toward the luminal side of the seminiferous tubules. 
The BTB must physically disassemble permitting the passage of preleptotene and 
leptotene spermatocytes. This dynamic process is regulated by transforming growth 
factor-beta-3 and TNF-alpha (Bronson 2010). It is absolutely essential for creating a 
highly specialized biochemical environment for the meiotic and postmeiotic cells, 
but the BTB also limits the access of systemic immunity and sequesters the majority 
of the autoimmunogenic TGC. The BTB, formed by Sertoli cells, primarily protects 
postmeiotic spermatids and spermatozoa from attack by the self-immune system. 
Most recently, transplantation of rat spermatogenesis inside the BTB of immuno- 
competent mice has succeeded (Qu et al. 2012; Hirayanagi et al. 2015). This indi- 
cates that the BTB protects not only autologous but also xenogeneic TGC from attack 
by self-immune system. However, if the BTB is functionally damaged, autoantigens 
of these haploid cells leak out beyond the BTB, leading to a continuous supply of the 
autoantigens to the immune system, with the resultant chronic inflammation in the 
testis for a prolonged length of time (Itoh et al. 2005; Naito and Itoh 2008). In par- 
ticular, the BTB at the tubuli recti and the rete testis is not as strong as that in the 
peripheral testis. In a study of topographical uptake of blood-borne horseradish per- 
oxidase in the testis, no horseradish peroxidase infiltrated into the lumen of the semi- 
niferous tubules; however, some horseradish peroxidase was detected in tubular 
walls and epithelial cells lining the tubuli recti and the rete testis, indicating that these 
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regions are permeable to horseradish peroxidase (Itoh et al. 1998a). IL-1, a pro- 
inflammatory cytokine, is expressed in the testis and regulates testicular functions 
under physiological conditions. IL-1 facilitates the BTB opening by affecting the 
actin cytoskeleton (Sarkar et al. 2008). 

Under normal condition, the blood-epididymal barrier formed by epididymal 
epithelial cells also protects autoimmunogenic spermatozoa from attack by the self- 
immune system. However, the blood-epididymal barrier is less exclusive than the 
highly specialized tight junctions of the BTB (Hinton and Palladino 1995). 
Consequently, immune cells are common among the epithelial cells of the epididy- 
mal duct (Wang and Holstein 1983; Ritchie et al. 1984). 


2.4 Protection of Autoimmunogenic Spermatids 
and Spermatozoa by Various Local Elements Other 
Than the BTB 


There are certain areas in the body where immune responses are “forbidden.” These 
sites are referred to as “immunologically privileged” sites. The mechanisms under- 
lying immune privilege result from “immunologic ignorance” or “immunologic tol- 
erance.” Testicular immune privilege was once believed to be mainly based on the 
sequestration of autoantigens from the immune system by the BTB in the seminifer- 
ous tubules. However, recent evidence has suggested that the testicular interstitium 
represents the first line of testicular defense against pathogens from the blood- 
stream. The multiplex immunosuppressive mechanisms, involving various local ele- 
ments of different origins, participate in the formation of an immunologically 
privileged area within the testis. Indeed, the testicular interstitium outside the BTB, 
where many resident macrophages and Leydig cells are normally present, is also 
protected from attack by the self-immune system. 

All testicular cells, involving Sertoli cells, Leydig cells, testicular macrophages, 
peritubular myoid cells, endothelia of blood and lymph capillaries, lymphocytes, and 
TGC themselves, may modulate local immunity in the testis (Itoh et al. 1995a, 1999a, 
2005). To maintain the testicular immune privilege, the testicular cells express and 
secrete numerous immunoregulatory molecules including androgens, macrophage 
migration inhibitory factor, activin, Fas ligand, protein S, IL-10, IL-35, transforming 
growth factor-beta, programmed death-ligand 1, toll-like receptors (TLR), and Tyro- 
3, Axl, and Mer (TAM) receptors, which play critical roles in regulating immune 
responses in the testis (Fijak and Meinhardt 2006; Sun et al. 2010; Meinhardt and 
Hedger 2011; Winnall et al. 201 1a, b; Li et al. 2012; Terayama et al. 2014; Deng 
et al. 2016). Both activin A and activin B are abundantly expressed by Sertoli cells. 
Activin A inhibits the expression of pro-inflammatory cytokines, including IL-1 and 
IL-6, thus suppressing the testicular inflammatory responses (Phillips et al. 2009). 
The Fas/Fas ligand system suppresses immune responses by inducing the apoptosis 
of Fas-bearing activated lymphocytes. Fas ligand, also called CD95L, is abundantly 
expressed in the testis. Testicular immune privilege is maintained by inducing lym- 
phocyte apoptosis via Fas ligand expressed mainly in Sertoli cells. Fas ligand is also 
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expressed in TGC. It remains to be investigated whether Fas ligand that is expressed 
in the TGC induces lymphocyte apoptosis and contributes to immune privilege 
within the seminiferous tubules. Programmed death receptor-1/programmed death- 
ligand 1 is another T cell tolerance system. Programmed death-ligand 1 inhibits T 
cell activation through programmed death receptor-1. It is constitutively expressed 
mainly by spermatocytes and spermatids in the seminiferous tubules and involved in 
the survival of allogeneic islet allografts, suggesting that programmed death recep- 
tor-1/programmed death-ligand 1 system is also a mechanism that underlies testicu- 
lar immune privilege (Cheng et al. 2009). Furthermore, the testis locally generates an 
efficient innate immune system against pathogens. TLRs are pattern recognition 
receptors that recognize pathogen-associated molecular patterns. Various TLRs are 
expressed in various testicular cells of different species (Bhushan et al. 2008, 2011; 
Fujita et al. 2011; Hedger 2011a, b). Therefore, TLR-mediated innate immune 
responses by nonimmune cells in the testis also play a critical role in the protection 
of the testis from infectious diseases. Tyro-3, Axl, and Mer (TAM) receptors are 
negative regulators of TLR-initiated systemic innate immunity and play critical roles 
in regulating immune responses (Sun et al. 2010). They are abundantly expressed in 
Sertoli cells and Leydig cells under normal state and therefore regulate the tissue 
homeostasis in immunoprivileged testis (Deng et al. 2016). 


2.5 Cell Populations Involved in the Testicular 
Immunoregulation 


2.5.1 Sertoli Cells 


The testicular cells that appear to be central to maintain testicular immune privilege 
are the Sertoli cells. These columnar cells extend from the basal lamina to the lumen 
of the tubules. The Sertoli cells are responsible for physical support of TGC, provid- 
ing them with essential nutrients and growth factors. Sertoli cells forming the BTB 
support TGC development and also secrete some proteins for the suppression of 
lymphocyte proliferation to the outside of the BTB (Wyatt et al. 1988; De Cesaris 
et al. 1992). Inhibin and activin produced by the Sertoli cells also, respectively, 
accentuate and reduce thymocyte proliferation in response to mitogen (Lee et al. 
1989; Hedger et al. 1989). Sulfated glycoprotein 2, a major product of the Sertoli 
cell, has been shown to inhibit cell lysis by the complement attack complex, 
C5b6789 (Jenne and Tschopp 1989; Griswold et al. 1986; Law and Griswold 1994). 
Sertoli cells secrete inhibitors of granzyme B, which is part of the destructive arse- 
nal of cytotoxic lymphocytes (Sipione et al. 2006). Transforming growth factor-beta 
secreted by Sertoli cells also contributes to testicular immune privilege through 
their immunosuppressive activities (Pollanen et al. 1993). It was demonstrated that 
transforming growth factor-beta facilitates Sertoli cells to support graft survival in co- 
transplantation experiments (Suarez-Pinzon et al. 2000). In cultured Sertoli cells, 
inflammatory cytokines such as TNF-alpha, IL-1, IFN-gamma, and lipopolysac- 
charide strongly enhance the surface expression of integrin ligands, intercellular 
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adhesion molecules-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1). 
These molecules are known to be specific for binding of lymphocytes (Riccioli 
et al. 1995). This suggests that both direct and paracrine mechanisms of interaction 
between Sertoli cells and lymphocytes are present for the control of immune reac- 
tions in the testis (Fillipini et al. 2001). 

The Fas/Fas ligand system has been considered to be one of the central mecha- 
nisms in homeostasis of the immune response. Fas is a type I membrane protein that 
belongs to the TNF receptor family and is known to be a receptor for Fas ligand, a 
cytokine also belonging to the TNF family. Activated lymphocytes that express Fas 
undergo apoptosis on interaction with cells bearing the Fas ligand. In the testis, the 
Fas ligand has been mainly detected in the Sertoli cells of the rodent testis (Bellgrau 
and Selawry 1990; Bellgrau et al. 1995). A developmental study in men demon- 
strated that Fas ligand expression was found in Sertoli cells of adult testis but not in 
fetal testis (Francavilla et al. 2000). In rat testes, Fas ligand expression is present 
from the early postnatal days up to adult, and the Sertoli cells are the main Fas 
ligand-expressing cell within the seminiferous tubules (D’Abrizio et al. 2004). 
Importantly, seminiferous tubules of normal mice survived under the kidney cap- 
sule of an allogeneic host for much longer periods than seminiferous tubules from 
gld mutant mice that lack a functional Fas ligand (Bellgrau et al. 1995). Therefore, 
the constitutive expression of Fas ligand on Sertoli cells may contribute to the tes- 
ticular immune privilege by inducing the apoptosis of infiltrating T cells that express 
Fas (Takeda et al. 1998; Koji 2001; Koji et al. 2001). The interaction of Sertoli cells 
expressing Fas ligand with Fas-bearing autoreactive lymphocytes, leading to the 
death of the latter by apoptosis, has been proposed as the mechanism responsible for 
the maintenance of immune tolerance in the testis. The Sertoli cells also express the 
negative costimulatory ligand CD274 antigen (also called B7-H1), which has the 
capacity to induce apoptosis in antigen-specific T cells (Dal Secco et al. 2008). That 
may be why isolated Sertoli cells can survive in both allogeneic and xenogeneic 
barriers and also provide localized immunoprotective environment for allografts 
and xenografts (Selawry and Cameron 1993; Sanberg et al. 1996; Korbutt et al. 
1997; Suarez-Pinzon et al. 2000; Dufour et al. 2008). 

Sertoli cells have a strong phagocytic activity in vivo, like macrophages. Cultured 
Sertoli cells are also active phagocytes in vitro but do not express constitutively MHC 
class II antigens or macrophage-specific markers (Kohno et al. 1983). Phagocytic 
removal of the apoptotic TGC and residual bodies by Sertoli cells is critical for intact 
TGC to differentiate. The uptake of residual bodies and apoptotic TGC may endow 
Sertoli cells with producing factors necessary for spermatogenesis. Phagocytosis of 
apoptotic TGC by Sertoli cells may be also a process that regulates immunity to TGC 
autoantigens and supports self-tolerance. Therefore, timely removal of apoptotic TGC 
and residual bodies by the Sertoli cells is important to avoid autoimmune responses. It 
is unclear how Sertoli cells phagocyting apoptotic TGC induce self-tolerance to TGC 
autoantigens; however, there is a possibility that Sertoli cells excrete some phagocy- 
tosed materials to the outside of BTB (Fig. 2.2). The latent leakage of small amount of 
TGC autoantigens into the testicular interstitium under normal condition may play a 
role on peripheral tolerance preventing testicular autoimmunity (Naito et al. 2008). 
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Differing from the study by Kohno et al. (1983), it was later reported that, in 
response to IFN-gamma, mouse Sertoli cells strongly upregulate expression of MHC 
class II antigens, indicating an antigen-presenting capability of Sertoli cells (Dal 
Secco et al. 2008). Dal Secco et al. (2008) also demonstrated that Sertoli cells upregu- 
late the negative costimulatory ligand B7-H1(CD274) in response to IFN-gamma. 
Blockade of B7-H1 on the Sertoli cell surface resulted in enhanced proliferation of 
CD8* T cells co-cultured with Sertoli cells. Moreover, co-culturing T cells with Sertoli 
cells can induce an increase in CD4*CD25* T cells and a decrease in CD4*CD25~ T 
cells, suggesting Sertoli cell-mediated Treg conversion; this process was found to be 
B7-H1 independent (Dal Secco et al. 2008). It implies that Sertoli cells are potentially 
capable of downregulating the local immune response, on the one hand by directly 
inhibiting CD8* T cell proliferation through B7-H1 and, on the other hand, by 
inducing an increase in Treg that might suppress other bystander T cells. 

Testosterone produced by Leydig cells is not only one of immunosuppressive ste- 
roid hormones but also has an effect on the BTB composed of inter-Sertoli cell junc- 
tions. Sertoli cell-specific deletion of the androgen receptor in knockout mice disrupts 
testicular immune privilege (Meng et al. 2005), possibly because androgens regulate 
Sertoli cells’ tight junctions (McCabe et al. 2010, 2012, 2016; Meng et al. 2011). 

Sertoli cells participate in the testicular defense system against viruses and bac- 
teria. Mouse and rat Sertoli cells express functional TLR from TLR1 to TLR6 for 
innate immunity (Riccioli et al. 2000, 2006; Starace et al. 2008; Wu et al. 2008; 
Hedger 2011b; Winnall et al. 201 1b). Under stimulation of TLR with various invad- 
ing pathogens, Sertoli cells produce the pro-inflammatory molecules. Therefore, 
TLR3 activation induces antiviral immune responses in mouse Sertoli cells (Starace 
et al. 2008). Sertoli cells may create an immune-privileged microenvironment that 
protects TGC from interstitial and/or ascending pathogens; however, there is a risk 
that innate immune responses through TLR activation breakdown of a milieu of the 
spermatogenesis will result in male infertility. 

TAM receptors composed of Tyro-3, Axl, and Mer are negative regulators of TLR- 
initiated systemic innate immunity and play critical roles in regulating immune 
responses (Sun et al. 2010). Indeed, various TLRs are expressed and functional in 
Sertoli cells, and TAM receptors inhibit TLR-mediated inflammatory cytokine produc- 
tion by Sertoli cells. Moreover, TAM system facilitates phagocytic clearance of apop- 
totic TGC by Sertoli cells. The removal of apoptotic TGC by phagocytes facilitates the 
elimination of the autoantigens, which may reduce endogenous inflammation. 

In regard to the modified Sertoli cells at the tubule recti, they normally phagocy- 
tose apoptotic TGC for the elimination of unwanted spermatozoa (Naito et al. 2008, 
2009). This phenomenon is regarded as a normal mechanism for transport of normal 
spermatozoa to the ductuli efferentes. It may be that some TGC autoantigens are 
excreted from the modified Sertoli cells into the area of adjacent multilayered basal 
lamina and peritubular myoid cells for inducing self-tolerance to TGC antigens 
(Fig. 2.3). In particular, both the basal lamina and the cytoplasm of modified Sertoli 
cell intimately interconnect with each other, similar to the sagittal suture in the 
human skull (Tainosho et al. 2011). This suggests that the modified Sertoli cells 
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Fig. 2.3 Spaces among Sertoli cells, basal lamina, and peritubular myoid cells at seminiferous 
tubules (a), tubuli recti (b), and rete testis (c) in the mouse. BL basal lamina of the tuble (red col- 
ored), I interstitium, PM peritubular myoid cell cytoplasm, S Sertoli cell cytoplasm 


have a wide surface area at their base and therefore can effectively excrete intratu- 
bular materials to the outside of tubuli recti or take various extra-tubular molecules 
into the tubuli recti. However, the modified Sertoli cells at the tubuli recti and epi- 
thelial cells at the rete testis may not directly present the autoantigens to lympho- 
cytes because of a lack of class II MHC antigens, as seen in Sertoli cells in vivo 
(Itoh et al. 1991). 


2.5.2 Leydig Cells 


The normal testis is an organ packed compactly with seminiferous tubules, having 
little interstitium. However, many Leydig cells are compacted in its interstitium. 
Testosterone, an immunosuppressive steroid hormone, is produced by Leydig cells 
and suppresses lymphocyte proliferation. Testosterone also reduces TRL4 expres- 
sion in macrophages (Rettew et al. 2008). Administration of testosterone suppresses 
autoimmune diseases (Cutolo et al. 2004; Gold and Voskuhl 2009). The intratesticu- 
lar testosterone concentration is tenfold higher than the serum concentration and is 
far greater than necessary for the maintenance of normal spermatogenesis (Jarow 
et al. 2005). 

Leydig cells exhibit high antiviral activities in response to viral infections 
(Dejucq et al. 1995, 1998; Melaine et al. 2003). TLR2, TLR3, and TLR4 are pres- 
ent in Leydig cells, and they trigger innate immunity in response to ligand stimu- 
lation (Shang et al. 2011). Although TLR activation of Leydig cells provides 
defense against invading pathogens, innate immune inflammation in testicular 
interstitium may also affect the spermatogenesis (Wu et al. 2016). It was also 
reported that Leydig cells regulate the expansion of testicular macrophages and 
lymphocyte numbers in the testis (Raburn et al. 1991, 1993; Hedger and Meinhardt 
2000). Testosterone production by Leydig cells was stimulated by a conditioned 
medium from culture of testicular macrophages in a dose-dependent manner 
in vitro (Yee and Hutson 1985). It is also known that Leydig cells spontaneously 
adhere to lymphocytes and nonspecifically suppress the proliferation of lympho- 
cytes in vitro without any dependence on testosterone (Born and Wekerle 1981, 
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1982). In addition to immunosuppressive testosterone, immunosuppressive cyto- 
kines such as transforming growth factor-beta and IL-10 are secreted from Leydig 
cells (Teerds et al. 1990; Avallet et al. 1994; Verajankorva et al. 2001; O’ Bryan 
et al. 2005). 

In the brain, astrocytes are known to have an important role in establishing 
structural properties of blood-brain barrier composed of endothelial cells (Bart 
et al. 2002). Astrocytic end feet produce basic fibroblastic growth factor, which is 
also produced by Leydig cells. Desert hedgehog gene is a signaling molecule 
expressed by Sertoli cells. Its receptor is localized to Leydig cells and also peritu- 
bular fibroblastoid cells (Clark et al. 2000). In mice lacking the desert hedgehog 
gene, adult-type Leydig cells were lacked, and numerous undifferentiated fibro- 
blastic cells were in the testicular interstitium with production of abundant colla- 
gen. Moreover, the basal lamina, normally present between the peritubular myoid 
cells and Sertoli cells, was focally absent (Clark et al. 2000). This indicates that 
Leydig cells are also involved in maintaining the BTB. Fibroblastic cellular con- 
stituents exhibiting fibroblastoid morphology surrounding the seminiferous tubu- 
lar wall are regarded as precursors of the functional Leydig cells (Hatakeyama 
1965; Teerds et al. 1988, 1999). These peritubular precursor cells may support the 
BTB. Other studies demonstrated that testosterone regulates the permeability of 
the BTB by regulating the expression of a Sertoli cell tight junction protein, clau- 
din-3 (Meng et al. 2005, 2011). 


2.5.3 Testicular Leukocytes 


In the normal testis, leukocytes are found almost exclusively within the interstitial 
tissue between the seminiferous tubules and under the tunica albuginea. These cells 
chiefly comprise of resident macrophages, dendritic cells, and circulating lympho- 
cytes, although variable numbers of mast cells and eosinophils are also present, 
depending upon the species. For example, in the macaque, 42.7% of the testicular 
leukocytes were CD163* macrophages, while 4.5% were CD14*CD163~> monocyte- 
like macrophages. 30.8% of testicular leukocytes were CD3* T cells, with CD4* and 
CD8* cell proportions similar to those in the blood. B cells and granulocytes were 
0.24% and 3.3% of testicular leukocytes, respectively. Small populations of den- 
dritic cells, plasma cells, NK cells, and NKT cells were also detected (De Rose et al. 
2013) (Table 2.1). 


Table 2.1 Resident “Macrophages (CD163*/CD68*)/dendritic cells 
leükocytes in thetestis T lymphocytes (CD4*/CD8*) (CD25*/CD25-) 
B lymphocytes/plasma cells 
NK cells/NKT cells 
Mast cells 


l Eosinophils l 
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2.5.3.1 Macrophages 

Not only Leydig cells but also macrophages are major components in testicular 
interstitium. Hume et al. (1984) were the first to identify testicular macrophages in 
the mouse by the use of the F4/80 marker and showed that approximately 20% of all 
interstitial cells in the normal testis were macrophages. There are many studies 
which demonstrate organ-specific features of testicular macrophages. The exposure 
to the testis-specific environment may give the testicular macrophages its unique 
functions. In the testicular interstitium, Leydig cells and testicular macrophages are 
coupled structurally by way of specialized membrane digitations in adult rats 
(Hutson 1990, 1992). The macrophages start to form these junctions with Leydig 
cells when the major increase in secretory activity of Leydig cells occurs during 
puberty. In vitro studies showed that co-culture of rat testicular macrophages and 
Leydig cells stimulates Leydig cell steroidogenesis when the macrophages are stim- 
ulated with lipopolysaccharide, while stimulated peritoneal macrophages had no 
such effect. Furthermore, conditioned medium from cultures of rat testicular macro- 
phages but not of peritoneal macrophages stimulates testosterone production in a 
dose-dependent manner when added to Leydig cells in vitro (Yee and Hutson 1985; 
Lombard-Vignon et al. 1992). Another in vitro study demonstrated that follicle- 
stimulating hormone-treated testicular macrophages have a more potent effect on 
Leydig cell steroidogenesis when compared to untreated ones (Yee and Hutson 
1983, 1985). Testicular macrophages but not peritoneal macrophages have specific 
receptors for follicle-stimulating hormone and respond to follicle-stimulating hor- 
mone in a dose-dependent manner by an increased secretion of lactate. An in vivo 
study showed that treatment of neonatal rats with human chorionic gonadotropin 
increases the numbers of macrophages in the testis but not in the liver (Yee and 
Hutson 1983, 1985). Therefore, testicular macrophages play endocrine and para- 
crine roles in the testis. Differences between macrophage populations from different 
tissues or organs are called “the inter-population heterogeneity” of macrophages. 
Local stimuli such as specific cell-cell interactions and production of organ-specific 
factors are likely to contribute to producing such heterogeneity. 

Differing from the inter-population heterogeneity, differences between macro- 
phage subpopulations obtained from one particular tissue or organ are called “the 
intrapopulation heterogeneity” of macrophages (Itoh et al. 1995b; Winnall and 
Hedger 2013). In the testis, there are resident macrophages and circulating macro- 
phages. Rat testicular macrophages can be divided into two morphologically differ- 
ent types of cells: large round cell and small elongated cells (Pollanen and Maddocks 
1988). In mice, macrophages in the testicular interstitium were various in shape, 
such as irregular-, elongate-, round-, or oval-shaped cytoplasm with short or elon- 
gate cytoplasmic protrusions (Itoh et al. 1995b). Much attention has been directed 
to a possible cell-cell interaction between macrophages and Leydig cells. However, 
macrophages are also closely associated with the seminiferous tubular walls or 
blood capillary walls, suggesting a functional coupling between macrophages and 
seminiferous tubules and blood capillaries (Itoh et al. 1995b). An immunohisto- 
chemical study showed that all testicular macrophages in the human fetus can be 
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labeled by pan-myelomonocytic cell markers, but not all can be labeled by more 
mature myelomonocytic cell markers (Dechelotte et al. 1989). Examination of the 
staining pattern of the various antibodies against macrophage/dendritic cell antigens 
(F4/80, BM8, MP23, MOMA1, MOMA2, M5/114, BMDM1, and NLDC 145) dem- 
onstrated that these cell antigens differed from each other in amount present and 
localization, indicating phenotypical heterogeneity of the testicular macrophages in 
mice. The intrapopulation heterogeneity of testicular macrophages might reflect 
diversities in their function, which may depend on their localization, differentiation 
stages, and degree of activation (Itoh et al. 1995b). 

There is a speculation that testicular macrophages actively exert immunosuppres- 
sive activity. Allografts and xenografts have been shown to survive in the testes of 
rats for remarkably long times. However, the grafts were rejected from the testes of 
rams. Histochemical analysis of the testes revealed that the rat testicular interstitium 
contained approximately eight times as many macrophages/interstitial area as did 
ram testicular interstitium (Pollanen and Maddocks 1988). Moreover, large and 
round macrophages are rich in the rat but poor in the ram. Although the rat also con- 
tains some small and elongated macrophages, all testicular macrophages in the ram 
are small and elongated. This implies that round and large macrophages in the rat 
contribute to the immune privilege of this site by modifying directly or indirectly the 
activity of Leydig cells. Testicular macrophages are functionally classified into two 
populations, which are designated as “resident” and “newly arrived or circulating” 
according to the differential expression of surface scavenger receptor CD163. 
CD163* (ED2*) macrophages, which are considered to be resident cells in the testis, 
represent the majority (approximately 80%) of testicular macrophages in rodents. 
They constitutively produce immuosuppressive IL-10 and are poor stimulators of T 
cell proliferation, indicating that they contribute to the maintenance of the testicular 
immune privilege. In mice, approximately 40% of testicular macrophages are consti- 
tutively IL-10 positive (Verajankorva et al. 2001). In cases of testicular inflammation, 
testicular macrophages produce more immunosuppressive transforming growth fac- 
tor-beta and IL-10, which may contribute to the testicular immune privileged status. 
On the other hand, CD68* (ED 1*) macrophages, which are presumably derived from 
circulating monocytes/macrophages that have only recently arrived in the testis, rep- 
resent a minor (approximately 20%) proportion of all testicular macrophages in 
rodents. They have a pro-inflammatory phenotype and express IL-1-beta, TNF-alpha, 
IL-6, activin A, inducible nitric oxide synthase, and other inflammatory factors 
(Terayama et al. 2014). However, TNF-alpha, which is synthesized by testicular 
macrophages, protects TGC from apoptosis at a physiologically low concentration in 
normal testis (Xiong and Hales 1993). What factors regulate the balance of ED1* 
pro-inflammatory cells and ED2*-resident immunosuppressive macrophages in the 
testis under physiologic condition are still unknown. Systemic inflammation in 
response to lipopolysaccharide leads to an influx of CD163~ monocyte-like “‘infiltrat- 
ing” macrophages into the rodent testis in vivo. However, “newly arrived” CD163~ 
testicular macrophages in the rat testis show very little response to lipopolysaccharide 
stimulation in vitro under normal homeostatic conditions. It indicates the presence of 
intrapopulation heterogeneity of CD163~ testicular macrophages. “Newly arrived” tes- 
ticular macrophages of the normal rat testis are derived from a monocyte subset that 
continuously repopulates the testis and distinct from the monocyte-like “infiltrating” 
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subset, from which pro-inflammatory testicular macrophages may be derived during 
systemic inflammation (Winnall and Hedger 2013). 

Testicular macrophages were purified and fractionated on discontinuous Percoll 
gradient in mice, and their antigen-presenting capacity in humoral and cell-mediated 
responses was tested in vitro (Mishell-Dutton cultures, proliferation assay) and in vivo 
(induction of contact sensitivity reaction) (Bryniarski et al. 2004). Heavier Percoll 
fractions produce little transforming growth factor-beta and are efficient antigen-pre- 
senting cells in humoral- and cell-mediated immune responses. Lighter fractions pro- 
duce high amounts of transforming growth factor-beta and rather tolerogenic than 
immunogenic. Their immunosuppressive activity can be prevented by in vivo treat- 
ment of donor testicular macrophages with cyclophosphamide or in vitro treatment 
with anti-transforming growth-beta monoclonal antibodies. In non-separated testicu- 
lar macrophage population, the immunosuppressive activity prevails. Therefore, sub- 
population of testicular macrophages able to trigger specific immune responses is 
present in the testis but remains under control by other testicular macrophage popula- 
tions which minimize the risk of development of autoimmune reactions. 

IL-35 is another immunosuppressive and anti-inflammatory cytokine, which is 
produced by Foxp3* Treg, suppresses cell proliferation, and downregulates Th17 cell 
development. IL-35 is a heterodimeric protein composed of two different subunits, 
Epstein-Barr virus-induced 3 (EBI3) and the p35 of IL-12. Intriguingly, EBI3- and 
p35-double-positive resident macrophages were found in the testicular interstitium 
(Terayama et al. 2014). They may produce IL-35 under physiological conditions as 
Treg. The lack of EBI3, p35, and IL-12 receptor caused significant infiltration of 
lymphocytes into the testicular interstitium with increased IFN-gamma expression 
and autoantibody production, resulting in spermatogenic disturbance (Terayama 
et al. 2014). Therefore, IL-35 may contribute to maintain the testicular immune privi- 
lege, and its lack develops autoimmune-like disorder in the testis. 

Treatment of rats with human chorionic gonadotropin induces inflammation-like 
changes in the testicular microcirculation, and the gonadotropin-induced inflammation- 
like response is enhanced in macrophage-depleted rat testes (Bergh et al. 1987, 1993). 
Liposome-entrapped dichloromethylene diphosphonate was injected locally into the 
unilateral testes in order to deplete testicular macrophages. After the chorionic gonad- 
otropin treatment, there was a large increase in the number of leukocytes in testicular 
blood vessels, and numerous leukocytes had migrated into the interstitial tissue of the 
unilateral testes. This response was greater than in the intact contralateral testis. This 
suggests that testicular macrophages are not the origin of the inflammatory mediator 
after the gonadotropin treatment. On the contrary, it appears that testicular macro- 
phages secrete some factors inhibiting this type of inflammation. 

The BTB at the tubuli recti and the rete testis is known to be incomplete. This 
implies that the testicular tissue around the tubuli recti is where autoreactive lym- 
phocytes can gain access to autoimmunogenic TGC antigens. Many macrophages 
accumulate around the tubuli recti, and a few macrophages penetrate into the tubuli 
recti (Itoh et al. 1995a) (Fig. 2.4). Under normal condition, they may take materials 
leaked from the tubuli recti for prevention of inflammatory responses (Itoh et al. 
1999b; Takahashi et al. 2007). However, when the testicular immune privilege is 
broken, the tubuli recti should be comprised of immunological-specific region, 
where lymphocytes are attracted. 
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In summary, the testicular macrophages are the largest population of leukocytes 
in the immune-privileged testis, where both innate and acquired immune responses 
are effectively suppressed, and the testicular macrophages are predicted to be 
responsible for regulating this immunosuppression. 


2.5.3.2 Dendritic Cells 

Class II MHC antigen-bearing cells are known to be antigen-presenting cells for 
CDA4"T cells. Dendritic cells, the most powerful antigen-presenting cells, induce acti- 
vation and differentiation of lymphocytes in response to alloantigens but also mini- 
mize the autoimmune response by tolerating T cells to autoantigens under physiological 
conditions (Banchereau and Steinman 1998). In human testis, no class IT MHC anti- 
gens were identified on any cells within seminiferous tubules, and the antigens were 
found on dendritic-like cells between the seminiferous tubules and on vessel endothe- 
lium, although the expression was extremely limited (Pollanen and Niemi 1987). In a 
normal mouse testis, both the seminiferous tubules and the surrounding interstitium 
were negative for class I MHC antigens (Itoh et al. 1991). This indicates that antigen 
presentation to CD4'T cells is not a common event inside the testis. In the rat, den- 
dritic cells also represent a minor population of the interstitial cells, numbering about 
one-tenth of the macrophages (Rival et al. 2006). The dendritic cells of the normal 
testis have not yet been well physiologically characterized, but evidence from the rat 
suggests that the crucial antigen-presenting cells exert immunoregulatory functions in 
the testis under normal condition. However, in inflammatory condition, the number of 
class If MHC antigen-bearing cells increases in number (Tung et al. 1987; Itoh et al. 
1991). Therefore, stimulated dendritic cells may convert immune privilege into 
expansion of autoreactive T cells (Rival et al. 2006, 2007; Fijak et al. 2011). 


2.5.3.3 Lymphocytes 

In the mouse, under normal conditions, it is noteworthy that the testis sections stain 
neither for T and B cell markers nor for immunoglobulins and complements; how- 
ever, a small number of lymphocytes are observed in the epididymis (Itoh et al. 
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1991). Therefore, the presence of extremely limited number of lymphocytes in the 
testis may be derived from a poor microcircumstance for attraction of lymphocytes. 
By minute microscopic observation, only a few lymphocytes can be found in and 
around the tubuli recti and the rete testis of the mouse (Naito et al. 2008) (Fig. 2.4). 
Because of that, the tubuli recti and the rete testis are permeable to IgG and exoge- 
nously administered HRP; in the normal state, the presence of a few lymphocytes 
and macrophages penetrating the tubuli recti and the rete testis may be important for 
access to TGC autoantigens (Fig. 2.5). To investigate the function of the penetrating 
lymphocytes, the changes and distribution of these lymphocytes in some abnormal 
conditions, such as experimental cryptorchidism and experimental obstruction of 
TGC transport to the ductuli efferentes and epididymis, should be examined. 

In the rat, intratesticular lymphocytes are consistently present under normal con- 
dition, and the population is skewed toward class I MHC antigen-restricted CD8* T 
cells, and CD8* T cell subset predominates over the CD4* T cell subset. Testicular 
CD8* T cell population also includes significant numbers of cytotoxic T cells 
(Tompkins et al. 1998; Hedger and Meinhardt 2000, 2003). In contrast to the periph- 
eral blood, in which the CD4* T cell subset was the major lymphocyte subset, not 
only CD8* T cells but also NK cells were numerous in a normal rat testis (Tompkins 
et al. 1998). Destruction of the Leydig cells by the treatment with ethane dimethane 
sulfonate caused a rapid preferential increase in testicular CD4* T cells, which was 
followed by an increase in both CD8* T cell subset and T cell-inhibiting activity in 
the Leydig cell-deficient testis (Hedger et al. 1998). After Leydig cell recovery, 
there was a significant shift toward the CD8* T cell subset. 
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More recently, some CD4*CD25* Treg are found within the testicular intersti- 
tium under physiological conditions (Jacobo et al. 2009). Foxp3* Treg are central to 
the maintenance of immunological homeostasis and tolerance. Recently, it was 
reported that a conditioned medium from primary mouse Sertoli cells may be able 
to induce Treg (Campese et al. 2014). Generation of CD4*CD25*Foxp3* Treg in 
Leydig cell-conditioned media was determined to investigate the influence of tes- 
tosterone (Fijak et al. 2015). Leydig cell-conditioned media dose dependently stim- 
ulated expression of transcription factor Foxp3 and secretion of IL-10 in splenic 
CD4 T cells, an effect abolished by addition of the antiandrogen flutamide. 


2.5.3.4 Other Leukocyte Populations 

Distribution and numbers of mast cells or eosinophils were studied in the testes of 12 
mammalian species (Anton et al. 1998). Mast cells were frequently found in horse 
and human testis, whereas eosinophils were nearly absent. On the contrary, eosino- 
phils were abundant in the rabbit testis, while mast cells were lacking in the pig testis. 
Otherwise, mast cells and eosinophils were absent from the testicular interstitium 
proper in rats, dogs, cats, bulls, and deer, although they were present around blood 
vessels in the tunica albuginea. It remains unknown whether the presence of eosino- 
phils in the testis plays a role in local immunoregulation. On the other hand, it is 
known that mast cells in the testis regulate steroidogenesis by Leydig cells (Aguilar 
et al. 1995). Mast cells secrete serine protease tryptase, which promotes the prolifera- 
tion of fibroblasts and synthesis of collagen (Abe et al. 1998, 2000), leading to fibro- 
sis, sclerosis, and thickening hyalinization of tissues. Mast cells also synthesize 
TNF-alpha, which protects TGC from apoptosis at a physiologically low concentra- 
tion in normal testis (Xiong and Hales 1993). In human, mast cells in the interstitium, 
mediastinum, and tunica albuginea increase in number slightly during infancy, 
decrease during childhood, and then increase again at puberty, when active sper- 
matogenesis starts. During adulthood, the number of mast cells progressively 
decreases in the testicular interstitium (Nistal et al. 1984, 1986). In the rat, mast cells 
in the testis were found almost exclusively around subcapsular blood vessels. In neo- 
natally estrogen-treated rats, a greater number of mast cells were present in the tes- 
ticular interstitium, whereas no significant increase in the number of mast cells was 
found for the epididymis, despite the induction of stromal proliferation. On the other 
hand, androgen-treated rats did not have increased mast cell numbers in any organ. 
These results indicate that the increase in mast cell numbers was estrogen dependent, 
specifically related to the testis, and did not seem to be a consequence of the increase 
in the connective interstitial tissue (Gaytan et al. 1989). By the treatment of rats with 
ethylene dimethane sulfonate, simultaneous proliferation and differentiation of mast 
cells and Leydig cells were found in the testis, indicating that Leydig cells and mast 
cells share some common regulatory factors (Gaytan et al. 1992). Clinically, in men 
with alcoholic and nonalcoholic cirrhosis, the testicular interstitium, consisting of 
small and poor collagen fiber bundles, was less developed than in normal testes. The 
appearance of connective tissue was associated with a decrease in the number of 
mast cells in the testes of cirrhotic males, suggesting the involvement of mast cells in 
the synthesis, packing, and organization of collagen fibers. The cause of the decrease 
in mast cell numbers may be related to hormone alterations, in particular testosterone 
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deficiency (Nistal et al. 1986). Mast cells can be divided into two subtypes based on 
differences in their neutral serine protease content. MC, contains only tryptase, 
whereas MCyc contains both tryptase and chymase in addition to other proteases, 
including cathepsin G and carboxypeptidase (Yamanaka et al. 2000). In the normal 
testes, MCT are the predominant subtype. However, in male infertile patients, total 
number of mast cells increases, and the predominant subtype of mast cell is shifted 
to MCTC. Small populations of testicular leukocytes include B cells, plasma cells, 
NK cells, and NKT cells (De Rose et al. 2013). 


2.5.4 Peritubular Myoid Cells and Basal Lamina 


The seminiferous tubules are surrounded by peritubular myoid cells, which together 
with Sertoli cells secrete components of the basal lamina that encloses the seminif- 
erous epithelium. Peritubular myoid cells are smooth muscle-like and surround the 
seminiferous tubules for autonomic contraction of the tubular walls to excrete 
immotile TGC to the epididymis. They may also contribute to the BTB. In an exper- 
imental study of permeation of administered lanthanum as a tracer on rats, electron 
microscopy showed that tight junctions between the peritubular myoid cells largely 
prevented permeation of the tracer to the seminiferous epithelium (Bart et al. 2002). 
Peritubular myoid cells also express androgen receptors and mediate androgen 
actions on fetal Sertoli cell proliferation. They support the inter-Sertoli cell junc- 
tions and also secrete some cytokines (Schuppe and Meinhardt 2005). 

In regard to cytokines, peritubular myoid cells release transforming growth 
factor-beta-2, monocyte chemotactic protein-1, and leukemia inhibitory factor. 
Transforming growth factor-beta is an immuosuppressive protein, which is regu- 
lated by macrophage migration inhibitory factor secreted from Sertoli cells and 
Leydig cells (Muller et al. 2005). Monocyte chemotactic protein-1 should account 
for the recruitment of inflammatory monocytes and/or macrophages. Peritubular 
myoid cells also express TNF-alpha receptors 1 and 2, which mediate the expres- 
sion of other inflammatory molecules, including IL-6 and cyclooxygenase-2 (Schell 
et al. 2008). Peritubular myoid cells are regulated by mast cell and macrophage 
products and produce factors that can fuel inflammatory changes (Mayerhofer 
2013). Peritubular myoid cells were also able to markedly express IFNs and IFN- 
induced antiviral proteins after viral exposure (Dejucq et al. 1995, 1998). They pos- 
sess a high degree of plasticity, which results in hypertrophy and loss of contractile 
abilities. Further studies should provide insights into the repertoire of the secretion 
products, contractile properties, and plasticity of peritubular myoid cells. 

Basal lamina also provides a selective barrier and is an important component of 
the BTB. In general, the main components of basal lamina are type IV collagens, 
laminins, entactin/nidogen, and heparin sulfate proteoglycan, which are present on 
the basal surface of all epithelia. Morphological alterations of the basal lamina at 
the seminiferous tubules in various pathological conditions including a varicocele, 
cryptorchid testes, hypogonadotropic hypogonadism, and irradiated testes have 
been reported, suggesting the possibility that the basal lamina of the seminiferous 
tubules influences spermatogenic activity (Tainosho et al. 2011). The basal lamina 
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of the modified Sertoli cells at the tubuli recti exhibited a wavy and multilayered 
structure, but the Sertoli cells of the seminiferous tubules and the epithelium of the 
rete testis had an almost flat and single-layered basal lamina (Tainosho et al. 2011) 
(Fig. 2.3). The wavy and multilayered basal lamina may function as a flexible and 
movable junction between the seminiferous tubules and the rete testis. Its structure 
may facilitate opening or closing of the valve-like structure formed by the modified 
Sertoli cells at the tubuli recti. It was also noted that wide gaps existed between the 
modified Sertoli cells, the basal lamina of the epithelial layer, and the peritubular 
myoid cell layer at the tubuli recti. The presence of the wide gaps might provide the 
microcircumstance in which lymphocytes can easily penetrate into the tubuli recti. 
Therefore, this characteristic structure of the basal lamina of the tubuli recti may be 
one of the factors for its incomplete BTB (Tainosho et al. 2011). 


2.5.5 Blood Capillary Endothelium 


Distribution of blood capillaries in the testis and the epididymis is quite regional 
(Hirai et al. 2010, 2012). In the epididymis, blood capillaries are dense in both the 
initial segment and cauda but not abundant in the caput and the corpus. In contrast, 
blood capillaries are relatively sparse throughout the testis. 

Blood capillaries in the testis exist in its interstitium but never extend into the 
tubular walls of the seminiferous tubules, the tubuli recti, and the rete testis. In sharp 
contrast, some blood capillaries of the epididymis extend beyond the peritubular 
myoid cell layer and reach beneath the basal lamina of the epididymal ducts. Distinct 
from the epididymis and prostate, the testis is not vulnerable to nonspecific extrava- 
sation of polymorphonuclear leukocytes (Itoh et al. 1995a). Therefore, there is a 
possibility that a permeability of capillary blood vessels against leukocytes in the 
testis may first contribute to the immune-privileged status of the organ. Before the 
immunosuppressive actions by Leydig cells, testicular macrophages, peritubular 
myoid cells, and Sertoli cells, the testicular capillary vessels might primarily func- 
tion as first BTB to protect the testis from inflammatory cell responses. Ultrastructural 
studies in rat testes showed that testicular capillaries share several properties with 
brain capillaries, such as the continuity and the rarity of fenestrations (Bart et al. 
2002). Therefore, the mechanical BTB consists of tight junction not only between 
the Sertoli cells but also between the capillary endothelial cells as seen in the blood- 
brain barrier. Additionally, testicular blood capillaries are specific in that they are 
sensitive to the endothelial damage by cadmium and gonadotropin treatments (Bergh 
et al. 1987). Ogawa et al. (2012) demonstrated that the testicular capillary damage by 
low-dosed cadmium had broken down the immune privilege in the testis. 


2.5.6 Lymphatic Capillary Endothelium 
Testicular immune privilege had been proposed to be attributed to the absence of 


lymphatic drainage until evidence of the existence of afferent lymphatic vessels in 
the testis was obtained. Nowadays, it is known that the seminiferous tubules are 
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bathed in a sea of lymph. There is a possibility that the sensitization of hosts with 
allograft antigens is failed due to anomalous lymph drainage due to anomalous 
lymph drainage whereby some lymphatic trunks from the testis bypassed regional 
lymph nodes and opened directly into the systemic blood circulation. Classic privi- 
leged sites such as the brain and anterior chamber of the eye owe their immunosup- 
pressive status primarily to a deficient lymphatic drainage. Indeed, experimental 
interruption of lymphatic drainage or production of an alymphatic skin pedicle can 
create an immune-privileged site for a long graft survival. In contrast, reports of 
immune privilege in the testis are surprising, because its interstitial tissue is well 
endowed with abundant lymphatic sinusoids and capillaries. Head et al. (1990) 
revealed a consistent and very efficient lymphatic drainage involving primarily the 
iliac and renal lymph nodes and to a lesser extent the external lumbar, para-aortic, 
and posterior gastric nodes in the rat. It was demonstrated that the ligature occlusion 
of the testicular lymphatics induced retardation and disturbance of spermatogenesis 
with decreased testosterone secretion in the rat and rabbit (Kotani et al. 1974). This 
suggests that the integrity of the testicular function must be dependent at least partly 
on a free flow of the lymph from the testis. In horseradish peroxidase-administered 
mice, blood-borne horseradish peroxidase was seen in the lymphatic space under 
the tunica albuginea with the presence of many horseradish peroxidase-endocytos- 
ing macrophages (Itoh et al. 1998a). The tunica albuginea tissue filled with many 
lymphatic capillaries was rapidly loaded with blood-borne horseradish peroxidase 
that had drained from the testicular interstitium. In the tunica albuginea tissue adja- 
cent to the mediastinum testis, large lymphatics contained much horseradish peroxi- 
dase. In mice that had received local injection of colloidal carbon into the testes, the 
carbon was rapidly excluded from the testis through the lymphatics (Itoh et al. 
1998b, c). However, the carbon injected into the epididymis and vas deferens flowed 
into the lymphatics very slowly. In other experiments, spermatozoa that traumati- 
cally leaked from epididymal ducts to the surrounding interstitium consistently 
accumulated, followed by formation of granulomas; however, TGC that traumati- 
cally leaked from the seminiferous tubules to the surrounding interstitium quickly 
disappeared with no accumulation (Itoh et al. 1999a). Intratesticular injection of 
isolated epididymal spermatozoa also did not induce accumulation of the injected 
spermatozoa. This implies that lymph flow in the testicular interstitium is much 
faster than in the epididymal interstitium, and the rapid kinetics of lymph flow in the 
testis may be also one of the causes of prevention of leukocytic infiltration leading 
to granulomatous formation. 

In deep testicular parenchyma, the peritubular lymphatic space surrounding the 
seminiferous tubules is present as polygonal piles (Hamasaki and Kumabe 1994). 
They are joined to the adjacent piles through fenestrae to form a loose spongiform 
structure. In the superficial parenchyma, the peritubular lymphatic spaces commu- 
nicated to the lymphatic space under the tunica albuginea on one side. The lym- 
phatic spaces under the tunica albuginea anastomosed each other through small 
bypasses to form a rich network. Near the mediastinum testis, the peritubular lym- 
phatic spaces bifurcated and narrowed on another side. The abrupt narrowing of the 
lymphatic spaces should restrict the flux of the lymphatic fluids (Hamasaki and 
Kumabe 1994). 
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Fig. 2.6 Localization of lymphatic endothelial 
cells in the testis in the mouse. The abundance of 
lymphatic endothelial cells is represented by the 
intensity of the blue color. D ductuli efferentes, R 
rete testis, TA tunica albuginea, TIP testicular 
interstitium proper between the seminiferous 
tubules. Asterisks indicate lymphatic capillaries just 
beneath the tunica albuginea 


Distribution of lymphatics in the testis and the epididymis is quite regional (Hirai 
et al. 2010, 2012). In the epididymis, lymphatic networks are quite scarce in the 
initial segment and strikingly dense in the cauda compared to the caput and the 
corpus. In the testis, lymphatic capillaries are in and just beneath the tunica albu- 
ginea but not in the interstitium between the seminiferous tubules (Fig. 2.6). Those 
lymphatic capillaries just beneath the tunica albuginea run into the tunica albuginea. 
It was also noted that lymphatic capillaries were abundant in the thickened tunica 
albuginea adjacent to the epididymis, but they were scarce in the thin tunica albu- 
ginea opposite the epididymis. When normal lymphocytes were locally injected into 
testes, the injected lymphocytes migrated between the seminiferous tubules and 
then drained into the lymphatic vessels in the tunica albuginea adjacent to the rete 
testis (Itoh et al. 1998b, c; Hirai et al. 2012). 


2.5.7 Testicular Germ Cells (TGC) 


In general, antigens of TGC are immunogenic to self. Moreover, TGC secrete vari- 
ous inflammatory cytokines, including IL-1 and TNF-alpha (De et al. 1993; Haugen 
et al. 1994). However, it was shown that human spermatozoa inhibited the in vitro 
proliferative responses of human peripheral blood leukocytes to mitogens such as 
phytohemagglutinin and concanavalin A (Shearer and Hurtenbach 1982). 
Hurtenbach and Shearer (1982) reported that in mice given intravenous injections 
with 1 x 10’ syngeneic TGC taken from adult mice, antigen-nonspecific suppres- 
sion of cell-mediated immunity was induced. Male mice injected intravenously with 
syngeneic TGC exhibited reduced NK cell activity, reduced mixed lymphocyte 
reactivity, enhanced auto-proliferation of spleen cells, and decreased potential to 
generate cytotoxic T lymphocyte responses. This indicates that TGC components 
also exert regulatory influences on immune potential. This suppressive effect was 
detected as early as 4 days after injection of TGC and persisted for at least 7 weeks. 
The reduction of cytotoxic T cell responses and NK cell function appeared to be 
antigen nonspecific, but the onset of the impairment of cytotoxic T cell function was 
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detected earlier with hapten-modified cell autoantigens than with alloantigens. 
Moreover, suppressor-inducing properties of TGC from aged mice were stronger 
than those from young mice, showing the age-dependent potential. In addition, 
spermatozoa were much more effective than TGC, suggesting that more mature 
stages of germ cells induce significant suppression (Shearer and Hurtenbach 1982). 
The injection of allogeneic sperm into mice resulted in similar immunosuppression 
(Shearer and Hurtenbach 1982). 

It was also shown that Treg for DTH to TGC were detected in the spleen cells of 
mice administered intravenously with 1 x 10” TGC (Sakamoto and Nomoto 1986). 
These Treg were sensitive to cyclophosphamide and suppress the generation of 
CD4'T cells for DTH. Therefore, TGC exhibit autoimmunogenicity when injected 
subcutaneously but exert immunosuppression when injected intravenously (Fig. 2.7). 
Also under in vitro conditions, lymphocyte proliferation was strongly reduced in the 
presence of TGC (Hurtenbach et al. 1980). This phenomenon may reflect mecha- 
nisms prevailing in vivo by which spermatogenesis proceeds normally in spite of the 
presence of the autoantigenicity of TGC and the incompleteness of BTB. In contrast, 
somatic cells of the testis stimulated lymphocytic proliferation under some experi- 
mental condition. Treg activated by autologous TGC in vitro were antigen nonspe- 
cific and capable of inhibiting lymphocyte proliferation against autologous and 
allogeneic somatic testicular cells as well as against allogeneic spleen cells. Therefore, 
autologous TGC are efficient inducers of tolerance by evoking Treg, whereas autolo- 
gous somatic cells of the testis are immunogenic (Hurtenbach et al. 1980). 

Furthermore, the seminiferous epithelium itself may participate in active immu- 
nosuppression with intra-seminiferous tubular fluid. In the fluid, proteins that inhibit 
complement activation exist, and they may reduce complement-mediated inflamma- 
tion and complement-dependent cytolysis in the testis (Tarter and Alexander 1984). 
Moreover, spermatogonia produce antiviral proteins in response to IFN-alpha and 
IFN-gamma (Melaine et al. 2003). 

Most intriguingly, Fas ligand is abundantly expressed in the meiotic and post- 
meiotic TGC (D’ Alessio et al. 2001). Fas ligand-expressing cells may contribute to 
immune privilege by inducing apoptosis of Fas-bearing lymphocytes (Suda et al. 
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1993). However, it remains to be clarified whether TGC expressing Fas ligand con- 
tribute to the immune privileged status within the seminiferous tubules. 

TLR2 and TLR4 on sperm recognize bacterial endotoxins and mediate apoptosis 
(Fujita et al. 2011). TLR3 and TRL11 in TGC also trigger innate immunity in response 
to ligand stimulation (Wang et al. 2012; Chen et al. 2014). Programmed death recep- 
tor-1 is a transmembrane protein, which is expressed on T cells. Programmed death 
ligand-1 is constitutively expressed in spermatocytes and spermatids in the seminifer- 
ous tubules and mediates T cell tolerance by activation of programmed death recep- 
tor-1 (Keir et al. 2006; Cheng et al. 2009). 


2.5.8 Seminal Plasma 


Seminal plasma, a mixture of aqueous extracts of prostate, seminal vesicle, Cowper’s 
gland, vas deferens, and epididymis, exerts a potent immunosuppressive effect 
in vivo and in vitro (Anderson and Tarter 1982). The humoral immune responses to 
epididymal sperm were suppressed when sperms were incubated in the seminal 
plasma and then washed before immunization. Cell-mediated immunity and NK cell 
activity were also inhibited in the presence of the seminal plasma. Anticomplementary 
effects which inhibit the lytic effect of complement were also reported. Seminal 
plasma also suppressed mitogen-induced lymphocyte transformation. The seminal 
vesicle fluid and prostatic fluid can exert suppressive effects on lymphocytes inde- 
pendently (Saxena and Farrog 1987). Human seminal plasma at high concentrations 
is also lymphocytotoxic and inhibits the opsonization ([g-mediated recognition and 
phagocytosis) of bacteria by phagocytic leukocytes (Alexander and Anderson 
(1987)). Components of human seminal plasma with well-established immunosup- 
pressive effects include prostaglandins, polyamines, transglutaminase, proteases, 
opiates, transferrin, lactoferrin, macroglobulin, and microglobulin. The final product 
of spermatogenesis is the spermatozoon, which leaves the body of a male, travels 
through the reproductive tract of a female, and fuses with an oocyte. Therefore, the 
complex mechanisms underlying immune privilege in the testis can be regarded as a 
specialized microcircumstance, in which spermatozoa are adequately equipped, 
trained, and selected for their ability to survive as foreigners both in the males and 
females. Prevention of immune responses against testis-leaving spermatozoa by the 
seminal plasma may lead to inhibition of autoimmunity against elongated mature 
spermatids in the testis. 


2.6 Resistance to Inflammatory Cell Responses of Various 
Types in the Testis 


In general, the testis is resistant to induction of the interstitial inflammation. As docu- 
mented earlier, sequestration of autoimmunogenic TGC by the BTB is important but not 
sufficient to prevent testicular autoimmunity. Lyso-glycerophosphatidylcholines in tes- 
ticular interstitial fluid inhibit T cell activity, contributing to local immunosuppressive 
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milieu (Foulds et al. (2008)). There should be other secretory materials in testicular 
fluid for immunosuppression. Sertoli cells, Leydig cells, testicular macrophages, 
peritubular myoid cells, and capillary endothelium are testicular somatic cells that 
should express or release some immunosuppressive proteins. Also, some inhibitory 
proteins derived from TGC may be delivered to the testicular interstitium through 
the medium of Sertoli cells. 


2.6.1 Resistance to Rejection of Allografts in the Testis 


The testicular interstitium is an immunologically suppressed space in which allo- 
genic or xenogenic tissue grafts can survive for a long time. Allografts and xeno- 
grafts, including parathyroid and pancreatic islets, which would be rapidly rejected 
under the renal capsule, survived for prolonged periods when engrafted inside the 
testis (Head and Billingham 1983, 1985; Selawry et al. 1987; Bellgrau and Selawry 
1990). The intratesticular grafts are resistant to the adoptive transfer of lymphocytes 
from rat donors primed to xenograft antigens (Bellgrau and Selawry 1990). In fact, 
Sertoli cells display an inherent immunosuppressive role that supports the survival 
of cells from other tissues, such as pancreatic islet cells, when they were co- 
transplanted (Selawry and Cameron 1993; Suarez-Pinzon et al. 2000). Studies on 
pancreatic islet cell allografts in mouse testes showed that activated T cells are 
destroyed, and graft antigen-specific Treg are produced when they enter the testis 
environment (Dai et al. 2005; Nasr et al. 2005). A blockade of androgen production 
in Leydig cell rapidly rejects intratesticular allografts, suggesting the role of andro- 
gens in regulating immune privilege (Head and Billingham 1985). 


2.6.2 Spontaneous Occurrence of Vasculitis-Like Lesions 
in the Male Reproductive System 


In man, both systemic and isolated vasculitis in male reproductive tissues is often 
asymptomatic and subclinical. Therefore, many cases have been found at autopsy. In 
man, vasculitis involving the male reproductive tract has been described in polyar- 
teritis nodosa, rheumatic arteritis, Goodpasture’s syndrome, Henoch-Schonlein pur- 
pura, and dermatomyositis (Silva et al. 2012, 2014). However, in laboratory mice, 
spontaneous testicular vasculitis was detected in only 3 out of 66 (4.5%) genetically 
autoimmune MRL/Ipr** mice that had systemic lupus erythematosus-like lesions, 
such as those in generalized lymphadenopathy, immune complex glomerulonephri- 
tis, and systemic vasculitis (Tokunaga et al. 1993). Isolated vasculitis lesions in the 
vas deferens and epididymis but not testis often occur in man without being a mani- 
festation of systemic vasculitis lesions. Histological examination of normal Balb/c 
mice reared under specific pathogen-free conditions revealed that spontaneous vas- 
culitis-like lesions comparable to those in man were significantly present in the epi- 
didymides and vasa deferentia of aged but not young mice (Itoh et al. 1999c). 
However, no significant lesions were found in the testes, ductuli efferentes, and other 
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organs, such as salivary glands, thyroid glands, livers, pancreases, and kidneys. 
These results indicate that the epididymis and vas deferens but not testis are sponta- 
neously apt to be affected by vasculitis-like lesions with advancing age but that the 
lesions are not due to a systemic vasculitis disease. It is conceivable that some exog- 
enous agents, such as bacteria and virus, may preferably reach the epididymis and 
vas deferens and then evoke vasculitis-like lesions in man. It has also been postulated 
that endogenous agents, such as autoimmunogenic germ cell antigens, may leak 
from the epididymal duct and vas deferens under normal conditions. This possibility 
supports that spontaneous exposure to the leaked autoantigens leads to local inflam- 
mation without overt manifestation of a systemic inflammation. 


2.6.3 Spermatic Granulomata by Local Trauma 


The chronic inflammatory lesion induced by the interaction of extravasated autoim- 
munogenic spermatozoa with surrounding connective tissue is known as a sper- 
matic granulomata (a mass of leaked germ cells surrounded by many epithelioid-type 
macrophages) (Lyons et al. 1967). When spermatozoa are experimentally leaked 
from the epididymal ducts to the surrounding interstitium, they induce inflamma- 
tory cell responses followed by the formation of a spermatic granuloma. However, 
such lesions cannot be induced in the testis in which TGC are traumatically leaked 
from the seminiferous tubules (Itoh et al. 1999a). To examine the possibility that 
epididymal spermatozoa have inherently greater ability to form spermatic granulo- 
mata than TGC, isolated epididymal spermatozoa or TGC were locally injected into 
the testes and epididymides of recipient mice (Itoh et al. 1999a). The results showed 
that spermatic granulomata were readily formed in the epididymides after local 
injection of either epididymal spermatozoa or TGC. In contrast, such lesions were 
not formed in the testes even when epididymal spermatozoa were locally injected. 
This indicates that the interstitial environment in the testis exhibits resistance to the 
formation of spermatic granulomata. In other words, the microcircumstance of the 
testicular interstitium, rather than the extravasated components from the ruptured 
seminiferous tubules, is the main factor determining the limited formation of sper- 
matic granulomas in the testis. Indeed, spermatic granulomata are rarely seen in the 
human testis but are common in the epididymis and vas deferens (Nistal et al. 1997). 
It is known that testicular macrophages are less activated to pathogen stimulation, 
and they constitutively produced anti-inflammatory cytokines (Bhushan et al. 2008, 
2011; Winnall et al. 201 1a, b). 


2.6.4 Spermatic Granulomata by Testosterone Treatment 


Testosterone, a product of Leydig cells, is an important steroid hormone for the male 
reproductive system and also suppresses lymphocyte proliferation. Low or moderate 
doses of testosterone induce hypertrophy of the epididymides, vas deferens, 
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prostates, seminal vesicles, and penis. However, high doses of testosterone exhibit 
various toxicities, such as salt and water retention leading to edema. In the repro- 
ductive system, spermatic granulomata were experimentally induced in the epi- 
didymides but not in testes of mice treated with high-dose testosterone (Itoh et al. 
1999d). It is speculated that the testosterone-induced spermatic granulomata may 
be related to significant changes of degeneration of the epididymal rather than 
seminiferous epithelium, permitting spermatozoa to escape outside the epididy- 
mal ducts. 


2.6.5 Reproductive Inflammation by Estrogen Treatment 


Neonatal estrogen treatment in mice induced an inflammation in the ductuli effer- 
entes, epididymis, and vas deferens, but not in the testis, provoking obstructive 
azoospermia in their postpubertal period (Naito et al. 2014). No morphological 
changes were observed until 4 weeks after the neonatal treatment. Some inflam- 
matory cells were found in the epididymis and vas deferens after 6 weeks. Eight 
weeks after the treatment, inflammatory cells spread to the ductuli efferentes, and 
the inflammation became severe from 6 to 12 weeks after the treatment. 
Inflammatory cells were never seen in the testis, but cystic dilatation of the rete 
testis with spermatogenic disturbance was occasionally found around the medias- 
tinum testis (Naito et al. 2014). Many inflammatory cells emigrated into the lumen 
of the epididymis, resulting in complete absence of spermatozoa in the vas defer- 
ens, although the spermatogenesis could be seen in the testis. Most of the inflam- 
matory cells penetrating into the epithelial layers of epididymal ducts were 
neutrophils. Furthermore, many epithelioid-type macrophages and some CD4*, 
CD8*, or B220* lymphocytes were localized in the epididymal interstitium. In the 
estrogen-induced inflammation, it is speculated that neonatal estrogen treatment 
causes an increase in expression of estrogen receptor and decrease expression of 
testosterone receptor in the male reproductive organs. The changes of expression 
of these sex hormone receptors may cause stromal-epithelial degeneration of the 
epididymis and vas deferens rather than the testis, resulting in inflammatory cell 
infiltration into the epididymis and vas deferens. It remains unknown why the 
major populations of infiltrating cells are neutrophils and macrophages but not 
lymphocytes in spite of “chronic” inflammatory responses in the estrogen-treated 
mice. More recently, it was found that neonatal exposure to diethylstilbestrol, an 
artificial estrogenic compound, also induced epididymitis in mice with 100% inci- 
dence after 5 weeks of age. Furthermore, in approximately 20% of male mice 
treated with diethylstilbestrol, the epididymitis was accompanied by orchitis after 
12 weeks of age (Miyaso et al. 2014). The epididymal inflammation was similar 
to that by estrogen treatment; however, the main testicular lesion is severe degen- 
eration of the seminiferous epithelium and interstitial edema rather than inflam- 
matory cell responses. 
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2.6.6 Reproductive Inflammation by Intravenous 
Administration of Bordetella pertussis (BP) 


In mice that were intravenously injected with BP, systemic inflammation involving 
splenomegaly was induced. It was found that the ductuli efferentes, the epididymis, 
the vas deferens, and the accessory glands such as the prostate, the coagulating 
gland, and the seminal vesicle in BP-injected mice received extravasation of leuko- 
cytes into their interstitial tissues; however, the testicular interstitium was com- 
pletely free from leukocyte infiltration (Itoh et al. 1995a). This indicates that the 
testis is resistant to leukocyte extravasation compared with the epididymis and the 
prostate. The BTB composed of blood capillary endothelium may prevent the tes- 
ticular interstitium from inflammatory cell responses. 

Recently, a new syndrome, namely, the “‘autoimmune/autoinflammatory syn- 
drome induced by adjuvants” (ASIA) has been defined (Colafrancesco et al. 2014). 
In this syndrome, different conditions induced by various adjuvants such as infec- 
tious fragments, hormones, aluminum, silicone, and metal are included, and the 
syndrome is characterized by common signs and symptoms, resulting in boosting 
the immune response and triggering the development of autoinflammatory phenom- 
ena (Loyo et al. 2012; Cruz-Tapias et al. 2013; Lujan et al. 2013). Reproductive 
inflammation induced by BP or estrogen described above may be characterized by 
the ASIA syndrome. 


2.6.7 Spontaneous Infiltration of Eosinophils and Macrophages 
in Reproductive Tissues of Congenitally Lymph 
Node-Lacked Mice 


Mice with alymphoplasia (aly/aly) mutation are characterized by a lack of lymph 
nodes, Peyer’s patches, and defined lymphoid follicles in the spleen (Wang et al. 
2010). In male reproductive tissues, many eosinophils and macrophages sponta- 
neously accumulate in the interstitial tissues of the epididymides and vasa defer- 
entia, but not in the testes in this mutant mouse strain. Therefore, the testicular 
interstitium is resistant to infiltration of eosinophils and macrophages (Itoh et al. 
1999e). In the liver and the pancreas, focal accumulation of lymphocytes and 
macrophages but not eosinophils was consistently found (Wang et al. 2010). 
It remains unclear why eosinophils specifically accumulated in the male repro- 
ductive tissues. It was noted that parenchymal and stromal injury to the epididy- 
mis and vas deferens, such as necrosis, fibrosis, granuloma, abscesses, edema, and 
congestion, was absent in aly/aly mice. This implies that the accumulation of 
eosinophils and macrophages is not an active inflammatory reaction. It might be 
that the systemic absence of lymph nodes may evoke abnormal lymph flow in the 
epididymis and vas deferens, resulting in a pool of leukocytes in their stromal tis- 
sues (Itoh et al. 1999e). In preliminary experiments involving normal mice, it was 
observed that locally injected colloidal carbon was rapidly excluded from the tes- 
tis through the lymphatics; however, the injected carbon in the epididymis and vas 
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deferens flowed into the lymphatics very slowly (personal observation). This indi- 
cates that the slow kinetics of lymph flow in the epididymis and vas deferens are 
one of the causes of leukocytic accumulation. 


2.6.8 Multiple Organ-Localized Autoimmunity 


In mice that had received thymectomy on day 3 after birth, multiple autoimmune 
diseases involving the retina, salivary glands, thyroid, stomach, prostate, and gonads 
were induced (Taguchi et al. 1990). In these neonatally thymectomized mice, the 
incidence of autoimmune oophoritis is more than 90%; however, that of autoim- 
mune orchitis is only 25-30% (Taguchi et al. 1980; Taguchi and Nishizuka 1981). 
This suggests that the testis or males are apparently resistant to autoimmune disease 
compared with the ovary or females. Moreover, neonatal thymectomy initially 
causes epididymo-vasitis during the postpubertal period before the induction of 
orchitis, and the incidence of orchitis remains considerably lower than that of the 
epididymo-vasitis, even in mature adult mice. Therefore, the testis is relatively 
resistant to neonatal thymectomy-induced autoimmunity among various affected 
organs in multiple organ-localized autoimmunities. 

There are many studies on sexual dimorphism in autoimmunity (Rubtsova et al. 
2015). In general, autoimmune diseases affect 5-7% of the population, and females 
are more susceptible to the diseases than males (Dragin et al. 2016). It is generally 
accepted that androgens exert suppressive effects on both humoral and cellular immu- 
nity and seem to represent natural anti-inflammatory hormones; in contrast, estrogens 
exert immune-enhancing activities (Cutolo et al. 2002). The autoimmune regulator 
(Aire) is a gene of which mutation causes multiple organ-localized autoimmune dis- 
eases (Chan and Anderson 2015). In thymi in men and mice, females expressed less 
expression of mRNA and protein of Aire than males after puberty. In mice, Aire 
expression is related to sexual hormones, as male castration decreased Aire thymic 
expression and estrogen receptor-alpha-deficient mice did not show a sex disparity for 
Aire expression (Dragin et al. 2016). Moreover, estrogen treatment resulted in down- 
regulation of Aire expression in the thymus. Therefore, estrogen induces epigenetic 
changes in the Aire gene in females, leading to reduced Aire expression under a 
threshold that increases female susceptibility to autoimmune diseases. 


2.6.9 Resistance to Rejection of Transplanted Allogeneic 
and Xenogeneic Testis 


Ectopically transplanted xenografts of testicular tissues under the kidney capsule or 
subderma of immunodeficient recipient animals resist rejection and survive for a 
long time (Bellgrau et al. 1995; Oatley et al. 2004, 2005; Rathi et al. 2005). Testicular 
tissue from immature donors survives better as xenograft than tissue from mature 
adult donors, and complete spermatogenesis can occur albeit with species-specific 
differences (Arreguli et al. 2008). Testis grafts derived from mice that can express 
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functional Fas ligand survived indefinitely when transplanted under the kidney cap- 
sule of allogeneic mice, whereas testis grafts derived from mutant gld mice, which 
express nonfunctional ligand, were surely rejected (Bellgrau et al. 1995). Fas ligand 
expression in the testis probably acts by inducing apoptotic cell death of Fas- 
expressing recipient T cells activated in response to the graft antigens. Crucially, 
there is little evidence for extended survival of the epididymal allograft or xeno- 
graft. Although immune privilege exists in the testis, the epididymis is much more 
susceptible to loss of immune tolerance (Hedger 2011b). Therefore, the ectopically 
transplanted epididymal graft might not be long until its rejection. 


2.6.10 Successful Transplantation of Allografts and Xenografts 
by Co-transplantation with Sertoli Cells 


Rat islet beta-cell grafts were co-transplanted with or without murine Sertoli cells in 
diabetic mice. Graft survival time increased when xenografts were combined with 
Sertoli cells (Dufour et al. 2003, 2008; Mital et al. 2010). As anti-inflammatory fac- 
tor, transforming growth factor-beta-1 derived from Sertoli cells is implicated in the 
protection of islet beta-cell grafts after co-transplantation with Sertoli cells. 


2.6.11 Successful Transplantation of Xenogeneic 
Spermatogenesis into the Recipient Testis 


It has been demonstrated that rat spermatogenesis can occur in the seminiferous 
tubules of congenitally immunodeficient recipient mice after transplantation of rat 
spermatogonia (Clouthier et al. 1996). Experimentally immunosuppressed adult mice 
were also used as recipients. In other studies, the successful use of normal infant rats 
as recipients of hamster spermatogonia was demonstrated for xenogeneic spermato- 
genesis (Tanaka et al. 1997). The success of transplanting hamster spermatogonia into 
the infant rats may be due to that the immune function of the infants was still imma- 
ture, as seen in the immunodeficient or immunosuppressed state. Later, transplanta- 
tion of rat spermatogonia into immunocompetent adult mice has also succeeded (Qu 
et al. 2012). By this experimental system, it appeared that transplanted rat spermato- 
gonia could undergo complete spermatogenesis in normal immune system of the 
recipient mice (Hirayanagi et al. 2015). This indicates that xenogeneic germ cells can 
be immunologically sequestered and nourished by recipient’s seminiferous tubules 
formed by Sertoli cells, basal lamina, and peritubular myoid cells. 


2.6.12 Immune Tolerance Induced by Intratesticular Antigen 
Priming 


In a study of experimental autoimmune uveoretinitis induced by soluble retinal anti- 
gens emulsified in CFA, it was reported that an injection of the retinal antigens into 
the rat testes prior to immunization for induction of the autoimmune uveoretinitis 
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resulted in systemic tolerance and protects the animals from the disease induction 
(Li et al. 1997). Similar protection was also demonstrated in experimental allergic 
encephalomyelitis (Verajankorva et al. 2002). This phenomenon is called testicular- 
associated immune deviation, which is antigen specific and transferable to naive 
recipients with spleen cells from the tolerized animals. This immunotolerance could 
be transferrable to syngeneic naive rats by both CD4* Treg and CD8* Treg (Yotsukura 
et al. 1997). Further analyses revealed that IL-4 and IL-10 are important cytokines 
for the immunosuppressive effect of CD4* Treg, and transforming growth factor- 
beta is an important immunosuppressive cytokine for CD8* Treg. A striking feature 
of the tolerance is that orchiectomy within a few hours after treatment of the testis 
with the retinal antigens does not fully abrogate the systemic tolerance. The toler- 
ance induction was not affected by injuring or removing the lymphatic vessels from 
the testis. These results indicate that, upon the intratesticular injection with retinal 
antigens, a signal for retinal antigen-specific tolerance is generated quickly and 
migrates in blood circulation from the testis to the spleen where Treg are produced. 
This signal does not seem to be the retinal antigen itself because intravenous injec- 
tion of the antigen is not as effective as intratesticular injection to induce the toler- 
ance. Increased expression of transforming growth factor-beta and Fas ligand in 
MHC-positive interstitial cells in the testis may play an important role in the genera- 
tion of the tolerance induction signal. 


2.7 Five-Phased Immunoregulatory Barriers in the Testis 


As described above, testicular blood capillary endothelia may function as the first 
barrier for inhibition of extravasation of leukocytes. Leydig cells, testicular macro- 
phages, lymphocytes, and other leukocytes may function as the second barrier pro- 
tecting the testis from inflammatory cell responses by expression and/or secretion of 
various anti-inflammatory materials or by cell-cell contact. Thirdly, both peritubular 
myoid cells and basal lamina of the seminiferous tubules may inhibit invasion of 
autoreactive lymphocytes by cell-cell interaction. The classic BTB formed by inter- 
Sertoli cell junctions functions as the fourth barrier protecting autoimmunogenic 
TGC from attack by autoreactive lymphocytes. Furthermore, as described above, 
there is a possibility that autotmmunogenic TGC themselves bathed in the seminif- 
erous tubular fluid also exert final inhibitory effects on proliferation and activation 
of infiltrating lymphocytes. 


2.8 Immunological Fragility of the Testicular 
Microcircumstance 


Although multiple mechanisms and factors, including the physical structure, the 
local and active immunosuppressive milieu, and the systemic immune tolerance, 
coordinate to regulate the testicular immune-privileged state, the privileged state 
could be easily overcome, resulting from immunological weakness in the testis. 
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2.8.1 Regional Differences in the Integrity of the Immunological 
Shield by the BTB 


The BTB at the tubuli recti and the rete testis is less complete than at the seminifer- 
ous tubules and is regarded as a susceptible site for inflammatory cell infiltration 
(Itoh et al. 1998a; Naito et al. 2009). The seminiferous tubules connect the tubuli 
recti, which opens to the rete testis (Dym and Fawcett 1970; Dym 1973, 1976; Dym 
and Cavicchia 1978). Three-dimensional analysis showed that 14—16 tubuli recti 
appeared to be connected to the rete testis in the mouse (Takahashi et al. 2007). 
More recently, high-performance three-dimensional reconstruction software analy- 
sis revealed the presence of 28 connection points to the rete testis in the mouse 
(Nakata et al. 2015). In horseradish peroxidase-administered mice, blood-borne 
horseradish peroxidase infiltrated into the tubuli recti and rete testis but never into 
the seminiferous tubules (Itoh et al. 1998a). The tubuli recti epithelial cells, which 
are called modified Sertoli cells, formed protruding cytoplasmic strings and actively 
phagocytosed degenerating spermatozoa and germ cell remnants under normal con- 
ditions (Naito et al. 2009; Tainosho et al. 2011). In general, the phagocytosis of 
TGC remnants within the tubuli recti is regarded as the normal mechanism for the 
elimination of unwanted spermatozoa (Dym and Fawcett 1970; Dym and Cavicchia 
1977). However, from an immunological aspect, it should also be emphasized that 
the tubuli recti contains many autoantigens of TGC. Therefore, if the tubuli recti 
epithelial cells excrete some autoantigens to the outside of the tubuli recti latently 
under normal condition, the immune cells could encounter these autoantigens there 
(Fig. 2.5). Actually, previous studies dealt with the antigen-presenting capability of 
testicular macrophages and Sertoli cells in mice (Kohno et al. 1983; Housseau et al. 
1997). However, it appears that class II MHC antigen-bearing testicular macro- 
phages but not Sertoli cells at the tubuli recti could present antigens to CD4* T cells. 
It has been demonstrated that not only the Sertoli cell junction but also the basal 
lamina and the peritubular myoid cells provide a selective filtration barrier. The 
basal lamina is developmentally formed by products of both Sertoli cells and the 
peritubular myoid cells. Sertoli cells of the seminiferous tubules had an almost flat 
and single-layered basal lamina. In contrast, the basal lamina of the modified Sertoli 
cells at the tubuli recti exhibited wavy and multilayered structures (Tainosho et al. 
2011) (Fig. 2.3). In particular, at the middle segment of the tubuli recti, both the 
basal lamina and cell membrane of the modified Sertoli cells intimately intercon- 
nect with each other, similar to the sagittal suture in the human skull. This finding 
suggests that the modified Sertoli cells have a wide surface area at their base and 
therefore can effectively excrete or absorb various molecules. It may be that some 
TGC autoantigens are excreted into the wide gaps around the modified Sertoli cells 
in the normal state. Therefore, the presence of wide gaps between the modified 
Sertoli cells, basal lamina, and peritubular myoid cell layer at the tubuli recti might 
provide the microcircumstances in which lymphocytes and macrophages can easily 
penetrate into the tubuli recti. Furthermore, the macrophages surrounding the tubuli 
recti and rete testis can easily pick up the leaked autoantigens and present them to 
lymphocytes. At the tubuli recti, the modified Sertoli cells form a valve-like 
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structure, and contraction of the peritubular myoid cells prevents the reflux of sper- 
matozoa from the rete testis into the seminiferous tubules. A few thick myoid layers 
were piled around the middle and terminal segments of the tubuli recti (Tainosho 
et al. 2011). Therefore, the wavy and multilayered structures of the basal lamina 
may facilitate opening or closing of the valve-like structure of the tubuli recti. This 
implies that a significant amount of intratubular fluid (containing TGC autoanti- 
gens) at the tubuli recti might be effectively absorbed by the modified Sertoli cells. 


2.8.2 Pro-inflammatory Cytokines in the Testis Under Normal 
Condition 


Pro-inflammatory cytokines are produced within the testis even in the absence of 
inflammation or immune activation events. Pro-inflammatory cytokines including 
IL-1 and IL-6 have direct effect on TGC differentiation and testicular steroidogen- 
esis (Hedger and Meinhardt 2003). IL-1 is involved in the paracrine stimulation of 
Leydig cell steroidogenesis, and, on the contrary, IL-6 has been suggested to induce 
persistent testicular resistance to luteinizing hormone action and/or suppress Leydig 
cell steroidogenesis (Bornstein et al. 2004). IL-1 is constitutively secreted from not 
only testicular macrophages but also both Sertoli cells and TGC (Huleihel et al. 
2001). The levels of IL-1 were increased in Sertoli cells when stimulated with lipo- 
polysaccharide. IL-6 is expressed by TGC at different stages of differentiation, 
Leydig cells, and peritubular myoid cells under normal state (Potashnik et al. 2005). 
Both IFN-gamma and TNF-alpha are normally secreted from Sertoli cells (Terayama 
et al. 2011). Monocyte chemotactic protein-1, which is involved in macrophage and 
lymphocyte chemoattraction, was found to be expressed by peritubular myoid cells 
(Aubry et al. 2000). The expression was markedly stimulated by IL-1, TNF-alpha, 
IFN-gamma, and lipopolysaccharide. Leydig cells also expressed monocyte chemo- 
tactic protein-1 when stimulated by IL-1. Therefore, it is concluded that the pro- 
inflammatory cytokines in the testis could be involved in the mobilization and 
migration of leukocytes, leading to testicular inflammation, when the testicular 
immune-privileged status becomes weak under some pathological condition. 


2.8.3 Specific Localization of Immune Cells in the Testis 
Under Normal Condition 


While the testis is a remarkable immune-privileged site, it is well connected to affer- 
ent lymph nodes. Therefore, the testis has most types of immune cells, including mac- 
rophages, lymphocytes, dendritic cells, granulocytes, and mast cells. Many 
macrophages that are positive with F4/80, pan-macrophage antigens, preferentially 
accumulate around the tubuli recti under normal condition in mice (Itoh et al. 1995b, 
1998a). In particular, F4/80* macrophages expressing class I MHC antigens are very 
sparse in normal interstitium between the seminiferous tubules but form a cuff around 
the tubuli recti (Tung et al. 1987). To determine whether the specific accumulation of 
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macrophages around the tubuli recti and rete testis is a congenital or acquired phe- 
nomenon, the distribution of testicular macrophages obtained from various aged mice 
was investigated (Li et al. 1998; Itoh et al. 1999b). Macrophages were homogenously 
distributed throughout the testicular interstitium with no specific accumulation until 
2 weeks of age. However, between 3 and 4 weeks of age in the mouse, macrophages 
rapidly accumulated around the tubuli recti and rete testis. The density of macro- 
phages at 4 weeks of age reached the level of the mature testes of 8-week-old mice 
(Fig. 2.8). Therefore, the characteristic accumulation of macrophages is an acquired 
phenomenon that is completed when spermatids start to differentiate in the seminifer- 
ous tubules. Therefore, the accumulation of macrophages around the tubuli recti coin- 
cides with the time of the first appearance of autoimmunogenic spermatids in the 
seminiferous tubules. In the tunica albuginea, some stretched- or irregular-shaped 
macrophages were concentrated in two regions: the inferior portion of the testis near 
the cauda epididymis and the upper portion adjacent to the rete testis and the tubuli 
recti (Fig. 2.4). These two portions are important routes for testicular lymphatic drain- 
age from the inside to the outside of the testis. This preferential accumulation of mac- 
rophages at the tunica albuginea was also found to be an acquired phenomenon, starting 
and completing before puberty. It is not yet known what attracts many macrophages 
around the tubuli recti. It should be important to clarify whether the specific accumula- 
tion of testicular macrophages is due to the cell proliferation in situ or extravasation 
and arrival from the blood capillaries. In general, it is accepted that a primary function 
of macrophages is in the host defense system against exogenous agents, such as bacte- 
ria and viruses. Therefore, it should not be excluded that macrophages accumulate at 
the tubuli recti and the rete testis to protect the seminiferous epithelium from genital 
tract infections involving the prostates, vas deferens, and epididymis. 

In contrast to the wide lumen of the rete testis, the tubuli recti lumen is occluded by 
tall epithelial cells called the modified Sertoli cells. They appear to form protruding 
cytoplasmic strings, which may serve as sensors, possibly touching the spermatozoa 
and monitoring their presence and antigenic expression. In addition to many macro- 
phages in the testicular interstitium proper, a few macrophages and lymphocytes were 
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identified inside the tubuli recti but never inside the seminiferous tubules (Itoh et al. 
1995b; Naito et al. 2008) (Fig. 2.4). A few cell bodies and many cell processes of the 
macrophages can be found in the lumen and wall of the tubuli recti in the mouse and 
the rabbit (Osman 1979; Itoh et al. 1995b, 1998a). The presence of phagocytosed 
spermatozoa within the modified Sertoli cells at the tubuli recti has been found in 
many species such as rat, rabbit, ram, goat, bull, and monkey (Sinowatz et al. 1979). 
Therefore, in the tubuli recti, a direct contact between immune cells and degradated 
TGC may be possible. Intratubular lymphocytes that are very close to both degradated 
TGC and their remnants could be occasionally found in the tubuli recti, rete testis, and 
epididymis, but not in the seminiferous tubules in mice and monkeys (Dym and 
Romrell 1975; Naito et al. 2008). Although the physiological function of these invad- 
ing lymphocytes remains unknown, this microcircumstance provides a chance for 
evocation of autoimmune inflammation of the tubuli recti, rete testis, and epididymis 
under some pathological conditions. The appearance of lymphocytic infiltration 
around the tubuli recti was observed not only on immunological but also mechanical 
or chemical stimulations on the testis. In addition to the weak BTB at the tubuli recti 
and rete testis, the specific accumulation of many macrophages and occasional appear- 
ance of lymphocytes at the region might increase the chance of encountering testicu- 
lar autoantigens. 


2.8.4 Infiltration of Macrophages into the Testis in Secondary 
Biliary Cholestasis 


Cholestasis can cause translocation of gut bacteria, endotoxemia, and systemic 
inflammation. The pathogenesis of hypogonadism in male patients with liver cir- 
rhosis is complex and not well explained. In a rat biliary cholestasis model caused 
by common bile duct ligation, the magnitude of monocyte chemotactic protein-1 
expression and CD68* macrophage infiltration within the testes was progressively 
upregulated along with increasing duration of common bile duct ligation (Shi et al. 
2015a, b). In this model, testicular apoptosis was promoted with activation of 
mitophagy and autophagy. 


2.8.5 Mononuclear Cell Responses to Primary Testicular Cancer 


From the immunological point of view, an interesting finding is that inflammatory 
infiltrates are common in testicular seminomas (Lehmann et al. 1986; Lehmann and 
Muller 1987; Bart et al. 2002). Most of these cells consist of T cells, but whether T 
helper cells or cytotoxic T cells predominate is unclear. Furthermore, burnout 
lesions of primary testicular cancers have been described. In that case, patients had 
metachronous metastases of a testicular cancer, but only a scar is found in the testis 
instead of a primary tumor. This indicates that the testis permitted infiltration of 
lymphocytes with the resultant damage to the seminoma. These burnout lesions 
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predominantly occur in disseminated seminoma and are rarely described in non- 
seminoma. The inflammatory T cell infiltrates can destroy the intratesticular tumor, 
which contradicts the opinion that cellular immune responses have less effect in the 
testis than in other tissues. A possible explanation could be that tumor expresses 
antigens that are foreign to the immune system or produce cytokines, thus inducing 
a cellular immune response, leading to an infiltration of lymphocytes. 

Jahnukainen et al. (1995) evaluated the incidence of testicular mononuclear cell 
infiltrates in patients with carcinoma in situ and germ cell neoplasia. The results 
suggest that the incidence of mononuclear cell infiltration increases with increasing 
severity of testicular malignant changes. Moreover, the increased mononuclear cell 
infiltration is also evident in the contralateral testis where no malignant cells can be 
observed. 


2.8.6 Frequent Involvement of Lymphocytic Leukemia 
in the Testis 


Myelogenous, lymphocytic, and monocytic leukemia infiltration into the testis was 
confirmed at approximately 20% incidence, and a high-grade infiltration was most 
common in lymphocytic leukemia (Wakasa and Amano 1977). Blood capillaries were 
always increased in the area of dense infiltration of leukemic cells. Thin-walled canals 
located closely between the proper lamina of seminiferous tubules and the interstitial 
cell cluster were testicular lymphatics, which were extremely irregular in shape and 
occasionally did not have endothelium. Therefore, testicular lymphatics that are not a 
constant canal system but rather akin to narrow tissue space may allow lymphocytes 
to accumulate in the testis. Inhibition of testicular activity by estradiol treatment in 
rats that were injected intraperitoneally with rat T cell-leukemic lymphoblasts signifi- 
cantly decreased the proportion of the testis occupied by leukemic infiltrates 
(Jahnukainen et al. 1994). Daily treatment of pubertal rats with human chorionic 
gonadotropin did not have an effect on testicular leukemic infiltration (Jahnukainen 
et al. 1994). The proportion of the testis occupied by leukemic infiltrates was signifi- 
cantly higher in the abdominal testes of pubertal unilaterally cryptorchid rats than in 
the scrotal testes of leukemic control rats (Jahnukainen et al. 1994). In other experi- 
ments, it was found that mice inoculated by intramuscular route with lymphocytic 
leukemic cells recovered from the disseminated disease by cyclophosphamide, 
whereas mice inoculated by intratesticular route with the leukemic cells and then 
treated with cyclophosphamide died by the disseminated disease. This indicates that 
the testicular lymphatic sinusoidal system is equipped with a protected environment 
for leukemic cells against cyclophosphamide (Jackson et al. 1983). 


2.8.7 Natural Autoantibodies to Testicular Antigens 
It may be that some of the testicular autoantigens are physically released into the 


blood system and then encountered the immune system. Considering that TGC 
autoantigens are not immunologically sequestered but are linked to the immune 
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system through the tubuli recti, the presence of natural autoantibodies against TGC 
autoantigens is possible under normal condition. Indeed, in enzyme-linked immu- 
nosorbent assay, titers of the autoantibodies in adult normal male mice were consis- 
tently higher than those in virgin normal female mice (Itoh et al. 1989). In rats, 
natural anti-sperm antibodies rose between 56 and 91 days of age and were signifi- 
cantly higher in 91- and 128-day-old rats than at earlier intervals (Flickinger et al. 
1997). The rise in anti-sperm antibodies correlated temporally with events in the 
postnatal development of the male reproductive system. The increase in anti-sperm 
antibodies is most closely following the time when spermatozoa reach the epididy- 
mis and proximal vas deferens at approximately 56 days of age. The increased 
serum anti-sperm antibodies only after sexual maturation also suggest that some 
differentiation antigens of sperm are processed and presented the immune system 
under normal circumstances (Flickinger et al. 1997). However, there is a possibility 
that the titers detected by immunosorbent assay reflect not only amounts of anti- 
TGC antibodies but also nonspecific binding of immunoglobulin to Fc receptors on 
TGC (Sethi and Brandis 1980; Kamada et al. 1991). Autoantibodies to Sertoli cells 
were also detectable in healthy men (Hiyoshi et al. 1991). There is another possibil- 
ity that antibodies against exogenous antigens such as ubiquitous microorganism 
cross-react with TGC and Sertoli cell antigens. 

By using SDS-polyacrylamide gel electrophoresis and immunoblotting by react- 
ing with the sera with normal murine testicular homogenates, two immunoreactive 
bands corresponding to approximately 45 and 100 kDa were definitely detected in 
normal sera, showing the biochemical presence of natural autoantibodies against 
these two testicular antigens (Qu et al. 2010; Musha et al. 2013). In rats, sera from 
normal postpubertal animals bound several testicular proteins, including bands of 
>100 kDa, 82-75 kDa, 78 kDa, 68 kDa, 65 kDa, 63 kDa, 54-55 kDa, 42 kDa, 
37 kDa, 35 kDa, 26 kDa, and 20-22 kDa (Flickinger et al. 1997). The majority of 
these autoantibodies were sperm specific. Although this phenomenon is intriguing, 
at present, the true reason for the presence of the natural autoantibodies remains 
underdetermined. There is a possibility that the spermatogenic disturbance is easily 
induced by these natural autoantibodies under some particular conditions where the 
autoantibodies can be allowed to target TGC across the seminiferous tubular wall. 
On the contrary, these natural autoantibodies might protect the testis from its inflam- 
mation by means of action on some regulatory immune network. In spite of habitual 
ideas about immanently aggressive nature of any forms of autoimmunity, autoim- 
mune phenomena involving natural autoantibodies are permanently present in any 
individual and may not always reflect the potentially self-destructive activity of the 
immune system (Poletaev 2014). 


2.9 Relation Between Acquired (Adoptive) and Innate 
Immune Responses in the Testis 


Historically, immunology emerged as a branch of applied microbiology in which a 
war against aliens is one of main subjects. Probably, one of the most important evo- 
lutionally archetypical functions of the immune system is “clearance,” a prototype of 
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the immune system eliminating viruses, bacteria, and fungi. However, it should be 
noted that the clearance of degenerated and dying self-cells is more critical for main- 
tenance of the molecular homeodynamics of the whole body. Therefore, in the testis, 
clearance of both endogenous cells (apoptotic TGC) and exogenous cells (various 
microbes) contributes to normal spermatogenesis and testosterone production. 

The testis possesses properties of both remarkable immune privilege and effec- 
tive local innate immunity. Teleologically, testicular immune privilege protects 
immunogenic TGC from attack by self-immune system, and local innate immunity 
is important in preventing testicular microbial infections. 

It is generally assumed that TGC sequestration by the BTB is important but not 
sufficient to protect TGC from inflammatory attack. The testicular interstitial space 
outside the BTB may also provide an immunosuppressive microcircumstance. The 
testicular interstitium in mice is resistant to rejection of allografts and also induction 
of vasculitis, lymphangitis, spermatic granuloma, and polymorphonuclear cell infil- 
tration (Itoh et al. 2005). Lymphocyte response elicited was shown to be suppressed 
by proteins in fluids drained from the testicular interstitial space (Pollanen et al. 
1988). Therefore, the testicular tissue outside the BTB is also protected from inflam- 
matory cell infiltration, although many resident macrophages are normally present in 
the testis. Various testicular factors with the capacity to affect lymphocyte functions 
in vitro have been identified, although their physiological roles in vivo have not yet 
been fully evaluated. In local transplantation study, memory CD8*T cells constitute 
a threat to the long-term survival of transplanted organs by mediating allograft rejec- 
tion despite ongoing immunosuppression. However, CD4*CD25* Treg play a key 
role in the maintenance of immunologic tolerance to both self and foreign antigens 
by suppressing aggressive T cell responses. Indeed, islet transplantation in the testis 
generates much less memory CD8* T cells but induces more antigen-specific 
CD4*CD25* Treg than in a conventional site (Dai et al. 2005; Nasr et al. 2005). They 
may prevent allograft rejection and also prevent testicular autoimmunity. There is 
also a strong evidence for active immunoregulations by CD4* Treg on autoimmune 
response to testicular antigens (Teuscher et al. 1990; Itoh et al. 1992). 

On the other hand, innate immunity for downregulation of infectious diseases 
has a capability to overcome the immune privilege. The testis can be infected by 
various microbial pathogens derived from the circulating blood or genitourinary 
tract. Testicular infection is followed by initiation of effective antimicrobial innate 
immune responses, in which the pattern recognition receptors are involved (Zhao 
et al. 2014). Several subfamilies of pattern recognition receptors have been identi- 
fied, and TLRs are the best characterized pattern recognition receptors in the testis 
(Zhao et al. 2014). Thirteen TLR members have been found in mammals. The pat- 
tern recognition receptor-initiated innate responses would be important for testicu- 
lar cells to overcome immune privilege and elicit an appropriate local response 
against pathogen invasion. In particular, testicular innate immunity is particularly 
critical when systemic immunity is reduced. Pattern recognition receptors can also 
be activated by endogenous autoantigens released from damaged tissues and 
necrotic cells, termed damaged-associated molecular patterns, for triggering endog- 
enous inflammation. TLRs initiate the innate immune response in Sertoli cells by 
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inducing immunoregulatory cytokines, including TNF-alpha, IL-1, IL-6, monocyte 
chemotactic protein-1, and type I IFNs (Zhao et al. 2014). Moreover, Leydig cells 
and TGC at different stages also express TLR. In Chlamydia trachomatis infection 
in the male genital tract such as the seminal vesicle, prostate, epididymis, and testis, 
chronic and mild inflammation often remains in most individuals (Mackern-Oberti 
et al. 2013). Recognition of chlamydial antigens is associated with TLR2 and TLR4, 
and Chlamydia trachomatis recognition by these TLR induces a local production of 
cytokines/chemokines, which, in turn, provoke chronic inflammation that might 
evolve in the onset of an autoimmune process. TAM receptors expressed on Sertoli 
cells are essential for phagocytic removal of apoptotic TGC, and the receptors 
expressed on macrophages, dendritic cells, and NK cells play critical roles in regu- 
lating innate immunity (Deng et al. 2016). It was found that TAM receptors nega- 
tively regulate TLR3 signaling in Sertoli cells. Actually, TAM~"-mutant mice 
exhibit an excessive activation of TLR3, resulting in the upregulation of inflamma- 
tory cytokines including IL-1-beta, IL-6, TNF alpha, and interferons alpha and beta 
(Sun et al. 2010). 

In summary, testicular defense mechanisms have two aspects: protection of TGC 
autoantigens from detrimental immune response and counteraction of invading 
microbial pathogens in the testis. However, the latter may sometimes involve the 
chronic inflammation against resident bacteria or parasites, followed by autoim- 
mune responses against testicular antigens. 
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Human Testicular Autoimmunity 
as a Result of Breakdown of Testicular 
Immune Privilege 


3.1 Introduction 


The BTB physically divides the seminiferous epithelium into basal and adluminal 
compartments. Besides its function as an immunologic barrier to segregate post- 
meiotic TGC from the systemic circulation, it creates a microenvironment for TGC 
development and confers cell polarity (Fig. 3.1). At puberty, when immune compe- 
tence is already established, TGC commence a new program which leads to the 
formation of mature spermatozoa. During this process, an array of new surface mol- 
ecules is expressed on the differentiating spermatids and spermatozoa (Ike et al. 
2007). Such autoantigens, therefore, do not belong to the “family” of those consid- 
ered as “self” by the immune system. Therefore, under some condition in which the 
testicular immune privilege is broken, immune responses against the testicular auto- 
antigens should be evoked. 

Clinically, in human male infertility of immunologic origin, the presence of anti- 
sperm antibodies is a well-known cause of male infertility (Jodot-van de Casseye et al. 
1980), and measurement and analysis of anti-sperm antibodies have been extensive. 
The six most common serological tests used for antibody detection include sperm 
agglutination, complement-dependent sperm immobilization, indirect immunofluo- 
rescence, the enzyme-linked immunosorbent assay, mixed antiglobulin reaction test, 
and immunobead test (Shibahara et al. 2005). Actually, male subfertile patients with 
significant titers of anti-sperm antibodies could be treated with steroid regimens 
(Hendry et al. 1979), and treatment of male autoimmune infertility with cyclosporine 
A has been clinically attempted (Bouloux et al. 1986). Moreover, autoantibodies 
against Sertoli cells, Leydig cells, and basement membrane of the seminiferous 
tubules were also detected in male infertility (Wall et al. 1974; Zanchetta et al. 1984; 
Silva et al. 2012). However, detection of the autoantibodies on sera and/or semen is 
not sufficient to diagnose testicular autoimmunity. The characteristic features of tes- 
ticular autoimmunity include the detection of (1) inflammatory cell infiltration into 
the testis (=orchitis), (2) spermatogenic disturbance, (3) T cell response against target 
testicular autoantigens, (4) serum autoantibodies against the target antigens, and (5) 
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Fig. 3.1 Immuno- 
environment for the 
development of testicular 
germ cells (TGC) 
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binding of the autoantibodies to the target antigen-bearing cells inside the testis. 
Clinically, it is quite difficult to detect all these features. Therefore, immunoreactions 
at the level of testicular tissue have been less well studied in humans. However, there 
is increasing evidence that autoimmune orchitis may be an etiological factor in human 
reproductive failure, perhaps even more often than expected. 


3.2 Classification of Testicular Autoimmunity in Men 


Testicular autoimmunity can be classified into primary and secondary ones. Primary 
testicular autoimmunity is defined by asymptomatic orchitis associated with anti- 
sperm antibodies without any evidence of systemic or local causes in infertile men. 
Secondary testicular autoimmunity is characterized by symptomatic orchitis and/or 
testicular vasculitis associated with local or systemic inflammatory disease (Silva 
et al. 2012, 2014). The patients suffering from secondary testicular autoimmunity 
typically demonstrate testicular pain, erythema, and/or swelling. Systemic autoim- 
munity, vasectomy, infection, tumor, or trauma may induce T cell response with pro- 
inflammatory cytokine production with a consequent BTB permeability alteration, 
anti-sperm antibody production, and apoptosis of TGC. Although the testicular auto- 
immunity can be classified into the two categories, the etiologies of both primary and 
secondary autoimmune orchitis are likely to be multifactorial and overlapped. 


3.3 Histological Findings from Biopsy Specimens 
of Infertile Men 


Of all cases of infertility, approximately 50% of cases occur in men. Although the lit- 
eratures reported many causes of male infertility, approximately 65% of the cases are 
categorized as idiopathic spermatogenic disturbance (Fig. 3.2). The histopathology of 
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idiopathic spermatogenic disturbance is characterized by seminiferous tubules show- 
ing Sertoli cell-only syndrome or TGC maturation arrest. In a study of patients with 
idiopathic male infertility, testicular biopsies showed that approximately 20% of 
patients had Sertoli cell-only syndrome, and approximately 50% of patients had matu- 
ration arrest (Hatakeyama 1984; Terada and Hatakeyama 1991). These features of 
spermatogenic disturbance were often accompanied by thickening and hyalinization of 
the seminiferous tubular wall (De Kretser et al. 1975; Terada and Hatakeyama 1991). 
Furthermore, fibrosis, sclerosis, and thickening and hyalinization of testicular intersti- 
tium are the features frequently found in the testis of infertile patients (Agarwal et al. 
1987; Apa et al. 2002). 

There have been some reports which showed lymphocytic infiltration and 
immune deposits in specimens of testicular biopsies from infertile men (Taylor 
et al. 1978; Suominen and Soderstrom 1982; Salomon et al. 1982; Salomon and 
Hedinger 1982; Hatakeyama 1984; Lehmann et al. 1987; Aitchison et al. 1990; 
Agarwal et al. 1990; Hassanin and Ayad 2016). Suominen (1995) reported a case, 
where a surgical operation for an inguinal hernia caused an orchitis first in the ipsi- 
lateral, and few weeks later also in the contralateral testis and which finally led to 
an atrophy of both testes, resulting from autoimmune sympathetic orchitis. The tes- 
ticular biopsy revealed that the interstitial tissue contained numerous lymphocytes 
and macrophages. A typical feature was characterized by disturbed spermatogenesis 
in the seminiferous tubules that were surrounded by lymphocytic infiltration. 
Occasionally, intra-tubular lymphocytes were also found in both testes (Hussein 
et al. 2005). Nistal et al. (2002) evaluated the focal orchitis present in cryptorchid 
testes of men not previously treated for cryptorchidism or antecedents of infectious 
diseases and detected focal lymphocytic infiltration in the interstitium and/or semi- 
niferous tubules associated with spermatogenic disturbance in 44% of examined 
patients. A picture resembling autoimmune orchitis can be found in unilateral tes- 
ticular obstruction (Hendry et al. 1985, 1990). Mononuclear cell infiltration around 
the seminiferous tubules and the rete testis with anti-sperm antibodies was noted in 
men with unilateral testicular obstruction. Approximately 5% of testicular biopsies 
from men with azoospermia or oligozoospermia had focal or general leukocyte 
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infiltration (Suominen and Soderstrom 1982). Jahnukainen et al. (1995) evaluated 
the incidence of testicular mononuclear cell infiltrates in patients with carcinoma in 
situ and germ cell neoplasia. The results suggest that the incidence of mononuclear 
cell infiltration increases with increasing severity of testicular malignant changes 
and also that increased mononuclear cell infiltration is evident in the contralateral 
testis where no malignant cells can be observed. Testicular lymphocyte numbers are 
increased in infertile patients with sperm autoimmunity, and the predominance of 
CD8* T cells was immunohistochemically demonstrated in the interstitium between 
the seminiferous tubules in them (El-Demiry et al. 1985, 1987). In infertile men 
with maturation arrest, Sertoli cell only, or mixed atrophy syndromes, and with 
cases of idiopathic infertility showing normal spermatogenesis, diagnostic testicu- 
lar biopsy revealed the significant presence of CD68* macrophages in the testes of 
all patients (Frungieri et al. 2002). These macrophages expressed the genes for IL-1 
and TNF-alpha and were located in the testicular interstitium and in/around the 
seminiferous tubules. In Sertoli cell only and germ cell arrest syndrome, the overall 
macrophage number was increased over twofold. A study of phenotypical charac- 
terization of testicular leukocytes demonstrated that cell counts of all examined 
populations (T cells, B cells, CD68* macrophages, and mast cells) in Sertoli cell- 
only syndrome and germ cell arrest were increased when compared with those in 
normal spermatogenesis (Hussein et al. 2005). 

Aitchison et al. (1990) also reported several cases of granulomatous orchitis 
with chronic inflammation in humans. In idiopathic granulomatous orchitis, there 
is extensive destruction of the seminiferous tubules with tubular or interstitial pat- 
tern of granulomatous inflammation and prominent collagen fibrosis (Roy et al. 
2011). Finally, the seminiferous epithelium was replaced by an admixture of large 
epithelioid cells, lymphocytes, plasma cells, and occasionally giant cells 
(Perimenis et al. 1991). Granulomatous orchitis is sometimes accompanied by 
inguinal or retroperitoneal lymphadenitis (Matsumura et al. 2016). Trauma and 
the following autoimmune responses against TGC have been postulated to be the 
underlying mechanism of the disease (Sporer and Seebode 1982; Wegner et al. 
1994). Ischemia or preceded infection in the testis may be other origins of granu- 
lomatous orchitis (Kahn and Mcaninch 1980; Tarabuta-Cordun 1983; Rosi et al. 
1984; Klein et al. 1985). 

The increased number of mast cells in the testis is also associated with male 
infertility (Maseki et al. 1981; Nistal et al. 1984; Agarwal et al. 1987). With regard 
to their characteristic location within testicular tissue, two groups of mast cells 
could be distinguished, in both control and infertile patients: interstitial mast cells 
(located between Leydig and other interstitial cells as well as in the vicinity of blood 
vessels) and peritubular mast cells (located in the close proximity of the tubular 
lamina propria or incorporated in the lamina propria itself) (Jezek et al. 1999). It 
appeared that peritubular mast cells increased at a higher rate than interstitial mast 
cells in infertile patients when compared with controls. The increase in testicular 
mast cells in close contact to the seminiferous tubules indicates a relationship 
between mast cell proliferation and a dysfunction of the BTB (Haidl et al. 2011). 
The mast cells have been known to play a key role in the pathophysiology of various 


3.3 Histological Findings from Biopsy Specimens of Infertile Men 69 


allergic, inflammatory, or fibrotic disorders, perhaps because of their chemical 
mediators such as biogenic amines, prostaglandins, neutral proteases, and proteo- 
glycans (Schwartz and Austen 1984). There are two distinct subpopulations of mast 
cells, the connective tissue and mucosal mast cell (Irani and Schwartz 1989). Nearly 
all the mast cells in the normal human testes contain heparin and correspond to 
“connective tissue mast cells.” In the infertile patients, chondroitin sulfate contain- 
ing mast cells was substantial in number, and these cells correspond to “mucosal 
mast cells” (Nagai et al. 1992). Therefore, in male infertility, mast cells were 
increased in total number, and the degree of the increase in mucosal mast cells was 
greater than that in the connective tissue mast cells. Actually, a mast cell blocker is 
clinically useful for the treatment of idiopathic oligozoospermic men (Yamamoto 
et al. 1995; Matsuki et al. 2000). 

Other studies have provided evidence of immune deposits in testis biopsies from 
male patients with impaired fertility (Vu Van et al. 1978; Lehmann et al. 1987). 
Salomon et al. (1982) and Salomon and Hedinger (1982) reported the presence of 
immune complex orchitis in infertile men. In the specimens, linear deposits of IgG 
and complement on the basement membrane of the seminiferous tubules were 
found. In other biopsy specimens from infertile patients, immune complexes were 
found to be localized not only on seminiferous tubule walls but also on Leydig cells 
and various staged TGC (Morgan 1976). A case of testis biopsy from a patient with 
oligospermia and a large varicocele in the left testis showed carcinoma in situ with 
atypical spermatogonia in the right testis. This lesion was immunologically charac- 
terized by the deposit of IgG restricted to the atypical cells and the presence of cir- 
culating anti-sperm antibodies (Lehmann et al. 1986, 1987; Lehmann and Muller 
1987). In immune complex orchitis, at least two different immunological mecha- 
nisms, induced locally in the testis, may be involved: an immunoglobulin deposit, in 
a manner specifically against TGC, and the seminiferous tubular basement mem- 
brane, in a manner nonspecifically directed to them (Lehmann et al. 1987; Lehmann 
and Emmons 1989). Hence, the circulating autoantibodies could specifically react 
with various testicular cells and tissues, but the immune deposits to the seminiferous 
tubule walls, blood capillary walls, and other testicular tissues could be accounted 
for aggregation of not only the specific antibodies but also irrelevant serum immu- 
noglobulins in an antigen-nonspecific manner. 

Collectively, the detection of lymphocytic infiltration, deposits of IgG, and 
deposits of complements in testis biopsy specimens indicates that inflammatory or 
immunological factors contribute to the occurrence of some idiopathic male infertil- 
ity. However, it is quite difficult to diagnose it, because testicular autoimmune 
inflammation may progress chronically, torpidly, and asymptomatically. Therefore, 
involvement of lymphocytic infiltration and immune deposits may be no longer 
detectable when Sertoli cell-only syndrome and maturation arrest of some immuno- 
logic origin are completely established. 

Additionally, in recent study on testicular biopsy specimens from male patients 
with Sertoli cell-only syndrome and maturation arrest, increased apoptosis of TGC 
and Sertoli cells was observed. In maturation arrest, mRNA expression of Fas ligand 
was upregulated in Sertoli cells and Leydig cells, while intense expression of Fas 
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was observed in primary degenerating spermatocytes, and active mRNA expression 
of caspase 3 was detected in cytoplasm of both Sertoli cells and TGC. In Sertoli 
cell-only syndrome, mRNA expression of Fas, Fas ligand, and active caspase 3 was 
detected both in Sertoli cells and in hyperplastic interstitial cells (Kim et al. 2007). 
It indicates that upregulation of the Fas system and caspase 3 activity in the testis 
may result in enhanced TGC apoptosis, which is involved in the spermatogenic 
disturbance (Eid et al. 2002). 

More recently, human testicular biopsies from infertile men with focal lympho- 
cytic infiltrates were probed with antibodies against high-mobility group box pro- 
tein 1 (HMGB1), and it was found that HMGB1 was translocated from the nuclei in 
the testes of infertile men with spermatogenic disturbance and lymphocytic infil- 
trates (Aslani et al. 2014). Klune et al. (2008) reported that activated macrophages 
and monocytes secrete HMGB1 as a cytokine mediator of inflammation. HMGB1 
is among the most important chromatin proteins, and the presence of HMGB1 in the 
nucleus depends on post-translational modifications. When the protein is not acety- 
lated, it stays in the nucleus, but hyper-acetylation on lysine residues causes it to 
translocate into the cytosol. Furthermore, interaction of HMGB1 and TLR-4 results 
in upregulation of NF-kappa B, which leads to increased production and a release of 
cytokines in macrophages. Therefore, the binding of HMGB1 to TLR-4, which 
mediates HMGB 1-dependent activation of macrophage cytokine release, may play 
an important role in the onset and progression of autoimmune diseases, involving 
human orchitis (Aslani et al. 2014). 

Therefore, testicular biopsy has provided various information of immunological 
aspects on the spermatogenic disturbance; however, it must be kept in mind that 
testicular biopsy itself may injure BTB focally, leading to testicular autoimmunity 
(Hjort et al. 1974, 1982). 


3.4 Anti-sperm and Anti-testis Autoantibodies in Men 


Many studies suggest the involvement of humoral immunity in male infertility. 
Anti-sperm antibodies have been the center of attention in immunology and immu- 
nopathology of reproduction. Indeed, the presence of anti-sperm antibodies has 
been observed in approximately 5-12% of infertile male partners, compared to 
0-2% of the general male population (Silva et al. 2012). Circulating anti-sperm 
antibodies detected in other studies ranged from 8 to 30% in unselected men with 
infertile marriages (Francavilla et al. 1999, 2007). Moreover, circulating antibodies 
against immature TGC, Sertoli cells, Leydig cells, and basal lamina of the seminif- 
erous tubules were detected in serum samples from infertile patients (Wall et al. 
1974; Hatakeyama 1984; Zanchetta et al. 1984; Silva et al. 2012). 

Patients with high titers of anti-sperm antibodies had evidence of testicular dam- 
age with decreased testicular volumes, elevated serum FSH and LH levels, and 
reduced sperm density and motility, indicating the induction of the spermatogenic 
disturbance (Handelsman et al. 1983). Chlamydia trachomatis, Ureaplasma urea- 
lyticum, and Mycoplasma hominis compared to other sexually transmitted diseases 
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cause statistically significant increase of anti-sperm antibodies concentration in 
blood serum, as well as in ejaculate. Local infection by them may induce orchitis 
and epididymitis, which results in inflammatory and toxic damage to the seminifer- 
ous epithelium, which in turn plays significant role in development of testicular 
autoimmunity (Tchiokadze and Galdava 2015). 

The anti-sperm antibodies in males have been shown to have an inhibitory effect 
on fertilization. There is a possibility that fertilization-related antigens may be the 
targets of these anti-sperm antibodies. Such antigens are consisted of sperm surface 
antigens and acrosomal antigens. The former include PH-20, PH-30, fertilization 
antigen-1 (FA-1), sperm agglutination antigen-1, and lactate dehydrogenase-C,, and 
the latter include SP-10 (Hall et al. 1994; Shibahara et al. 2005). Acrosin, hyaluroni- 
dase, RSA-1, MA-29, FA-1, SO3, S37, S61, S20, and YLP, are also human sperm 
autoantigens presumably involved in anti-sperm immune response (Ishidori et al. 
1988; Naz 2004). In particular, treatment with FA-1 was demonstrated to remove 
anti-sperm autoantibodies from spermatozoa of infertile men and results in increased 
rates of acrosome reaction (Menge et al. 1999). Seminal autoantibodies against 
laminin-1 are also important in infertile men (Ulcova-Gallova et al. 2008). In males, 
laminin is found on not only the surface of spermatozoa but also basal lamina of the 
seminiferous tubules. Sperm agglutination antigen-1 (SAGA-1) was characterized 
as a polymorphic, highly acidic, glycophosphatidylinositol-anchored glycoprotein 
on the surface of human spermatozoa (Diekman et al. 2000). It is unique in that 
SAGA-1 core peptide is identical to CD52, a glycoprotein on the surface of human 
lymphocytes. Therefore, autoimmunity to CD52 may be an important factor in the 
etiology of immunologic male infertility. 

The incidence of epididymitis is greater than that of orchitis in humans, and sus- 
ceptibility to anti-sperm antibody formation after damage to the epididymis or vas 
deferens increases with increasing distance of the damage from the testis. One 
important consideration must be the very different immunological environments of 
the testis, where sperms develop, and the epididymis, where sperms mature and are 
stored. Compared with the elaborate BTB, the tight junctions of the epididymal 
ducts are much less effective. Unlike the seminiferous epithelium, immune cells are 
commonly observed within the epididymal epithelium and can even be found within 
the lumen of the epididymis (Hedger 2011). Therefore, epididymal sperm autoanti- 
gens tend to be easily accessible to immune cells, resulting in anti-sperm antibody 
production. 

It is noted that naturally occurring human anti-sperm autoantibodies, detectable by 
immunofluorescence, had a peak incidence of 90% in both sexes before puberty (Tung 
et al. 1976). Thereafter, the incidence declined to approximately 60% and persisted 
through life. Actually, it remains vague whether production of anti-TGC or anti-sperm 
autoantibodies is a cause or a result of testicular autoimmunity. In other words, it can 
be said that these autoantibodies become the cause, the result, or the both in each case. 
There is another possibility that those natural anti-sperm autoantibodies may down- 
regulate the specific autoimmune responses through some immune network system 
based on “idiotypic network theory,” proposed by Jerne (1974). The BTB damage in 
testicular autoimmunity results in production of anti-TGC autoantibodies, and male 


72 3 Human Testicular Autoimmunity 


infertility may result from the binding of anti-TGC or anti-sperm autoantibodies 
(Tung 1998; Lustig and Tung 2006). These autoantibodies present in local secretions 
of the germ cell tract rather than serum are associated with this type of male infertility. 
Primary testicular autoimmunity can be defined by isolated and asymptomatic orchitis 
with the autoantibodies but without evidence of local or systemic disease or injury. 
Most cases of the primary disease are torpidly and chronically advanced. On the other 
hand, secondary testicular autoimmunity accompanied by the autoantibodies involves 
orchitis associated with endogenous factors such as cryptorchidism, varicocele, tor- 
sion, tumor, or systemic autoimmune diseases and orchitis associated with exogenous 
factors such as trauma, biopsy, vasectomy, and infection. These are testicular autoim- 
munity associated with identified pro-inflammatory causes. Obstruction or injury of 
the male reproductive tract is associated with anti-TGC or anti-sperm antibody forma- 
tion, since leakage of large quantities of TGC or sperm antigens from the tract can 
induce the antibody production. Anti-sperm antibodies attendant to vasectomy may be 
responsible for infertility in some patients following vasovastomy (Witkin et al. 1982; 
Lee et al. 2009). Anti-sperm antibodies are common in patients with congenital 
absence of the vas deferens associated with cystic fibrosis (D’Cruz et al. 1991; Lustig 
and Tung 2006). The role of anti-sperm antibodies in the pathogenesis of varicocele- 
related male infertility has been also noted. The prevalence of varicocele-related 
immune infertility is about 15% male subjects from infertile couples (Bozhedomov 
et al. 2014). Varicocele is not an immediate cause of autoimmune reactions against 
spermatozoa but is a cofactor increasing a risk of anti-sperm antibody formation. 
These disorders correlate with the level of sperm oxidative stress; reactive oxygen 
species production in anti-sperm antibody-positive varicocele patients is 2.8 and 3.5 
times higher than in anti-sperm antibody-negative varicocele patients and control fer- 
tile men, respectively. 

In general, anti-TGC and anti-sperm antibodies of IgG class are regarded as an 
important factor for male infertility; however, those of IgE class might also partici- 
pate in the male infertility. The increased number of mast cells in the testis was 
found in cases of male infertility (Maseki et al. 1981; Agarwal et al. 1987; Hussein 
et al. 2005; Welter et al. 2011). Activated mast cells secrete enzymes, e.g., hyal- 
uronidase, protease, cytochrome oxidase, phosphatases, histamine, serotonin, and 
heparin. Considering that these substances are important in the laying down of col- 
lagen, proliferation of mast cells may result in increasing fibrosis and hyalinization 
of seminiferous tubular wall and the surrounding interstitium, leading to the sper- 
matogenic disturbance. Mathur et al. (1981) suggested that there may be a local IgE 
antibody response in the idiopathic infertile males. In response to seminal antigens, 
mucosal plasma cells are triggered to produce IgE antibodies locally in the male 
reproductive tracts. This possibility is supported by the elevated levels of IgE in the 
serum and the semen samples of infertile males with high anti-sperm antibody titer. 
The high affinity of these antibodies for mast cells induces release of various sub- 
stances from mast cells described above. Intra-testicular T cells may stimulate mast 
cells, with the resultant increase of their cell number and stimulation of their secre- 
tion in the testis. However, it is yet unclear whether mastocytosis in the testis is a 
cause, or a result, of the testicular fibrosis in infertile male patients. Altogether, the 
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analysis of epidemiological and prognostic studies may support the opinion that 
anti-sperm and/or anti-testis autoantibodies are a relative, rather than absolute, 
cause of immunologic male infertility (Francavilla et al. 1999, 2007). 


3.5 Systemic Inflammatory Diseases and Orchitis in Men 


Systemic inflammatory diseases causing male infertility include primary vasculitis 
such as polyarteritis nodosa, Behcet’s disease, and Henoch-Schoénlein purpura 
(Dahl et al. 1960; Lie 1988; Pannek and Haupt 1997; Silva et al. 2012, 2014). The 
overall frequencies of orchitis and anti-sperm antibodies in rheumatic diseases are 
2-31% and 0-50%, respectively. The presence of anti-sperm antibodies was 
reported to be present in 13-50% of systemic lupus erythematosus patients (Silva 
et al. 2012). Orchitis occurs in 2-18% of patients with polyarteritis nodosa. 
Epididymo-orchitis was also observed in 4-31% of Behcet’s disease patients. 
Orchitis was evidenced in 7-21% of Henoch-Schonlein purpura patients. Testicular 
vasculitis may be a part of systemic vasculitis or may exist as isolated testicular 
vasculitis. A study of patients with testicular vasculitis demonstrated that 51% of 
patients had isolated testicular vasculitis and 49% had systemic testicular vasculitis 
(Hernandez-Rodriguez et al. 2012). Non-granulomatous inflammation affecting 
medium-sized testicular vessels occurred in most patients with both isolated and 
systemic testicular vasculitis. Among systemic testicular vasculitis, polyarteritis 
nodosa was the most frequently diagnosed (63%), followed by Wegener’s granulo- 
matosis (17%) (Shurbaji and Epstein 1988). Focal non-granulomatous orchitis was 
also reported in a patient with Crohn’s disease (Piton et al. 2015). Pathological 
examination of the testis revealed a focal inflammatory infiltrate predominantly 
composed of lymphocytes accompanied by few plasma cells, lacking giant cells or 
granulomata. Granulomatosis with polyangiitis is a systemic necrotizing granulo- 
matous vasculitis, which predominantly affects small-sized blood vessels in the 
upper/lower respiratory tract and kidneys. In the patients, orchitis is also found but 
rare, reported in <1% of cases in large cohorts (Alba et al. 2015). 

Humans who have inherited the human class I MHC allele HLA-B27 have a 
markedly increased risk of developing the multi-organ system diseases termed 
HLA-B27 syndromes. Clinical features in HLA-B27 syndromes include anterior 
uveitis, ankylosing spondylitis, reactive arthritis, psoriatic arthritis, and inflamma- 
tory bowel disease such as ulcerative colitis and Crohn’s disease. Although autoim- 
mune orchitis has not been reported in men with spondyloarthritis, these patients 
showed reduced sperm motility, higher plasma luteinizing hormone and follicle- 
stimulating hormone, and lower testosterone levels compared with control subjects 
(Villiger et al. 2010; Ramonda et al. 2014). 

Autoimmune polyendocrine syndrome, also called autoimmune polyendocrinopa- 
thy, is a heterogeneous group of rare diseases characterized by autoimmune activity 
against multiple endocrine organs, although non-endocrine organs can be also 
affected. The skin and nails, ovary and testis, eyes, thyroid, and digestive system are 
affected. In regard to the male hypogonadism, anti-sperm autoantibodies and 
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autoantibodies against steroidogenic enzymes and other antigens expressed in the 
Leydig cells were detected (Tsatsoulis and Shalet 1991. Maclaren et al. 2001). In the 
sera of patients, anti-testis-specific protein 10 antibodies were also detected (Reimand 
et al. 2008; Smith et al. 2011). The testis-specific protein 10 is a highly expressed 
protein in the testis and plays a key role in spermatogenesis. Therefore, autoimmune 
responses against these antigens may affect the spermatogenesis in the patients. 
Actually, the immunosuppressive action of cyclical intermediate-dose steroid therapy 
led to a significant improvement in semen parameters (Tsatsoulis and Shalet 1991). 

More recently, some cases of orchitis were also reported in patients with multi- 
organ IgG4-related disease involving a broad range of organs and tissues such as the 
pancreas, biliary tract, liver, breast, thyroid gland, lymph nodes, skin, aorta, pituitary 
gland, meninges, lacrimal gland, lung, and reproductive organs (De Buy Wenniger 
et al. 2013; Karram et al. 2014; Migita et al. 2014; Lin et al. 2015). In these cases, 
dense interstitial lymphoplasmacytic infiltrate composed of IgG4-positive plasma 
cells and epithelioid histiocytes (macrophages) was observed around the seminiferous 
tubules and in the epididymis, and prominent interstitial fibrosis was also found. 

In regard to infectious diseases, the best-known orchitogenic viruses in humans are 
the mumps virus and human immunodeficiency virus (HIV) (Aiman et al. 1980; 
Chabon et al. 1987; De Paepe and Waxman 1989; Jala et al. 2004; Chandrashekar 
et al. 2015). Anti-sperm antibodies have been detected in both mumps and acquired 
immune deficiency syndrome (AIDS) patients. In AIDS patients, marked spermato- 
genic disturbance was noted with Sertoli cells predominantly lining the hyalinized 
seminiferous tubular wall. Furthermore, the testicular blood vessels were thickened, 
and mononuclear inflammatory infiltration composed of lymphocytes and macro- 
phages was seen, and the many lymphocytes were CD4* (Pudney and Anderson 
1991). Five to 37% of adults with mumps infection develop orchitis. In mumps virus- 
affected testis, lymphocytic infiltration was followed by the spermatogenic distur- 
bance with atrophy and fibrosis of the seminiferous tubules with the resultant transient 
or permanent infertility. The mumps virus does not appear to induce TGC transforma- 
tion and may not be directly injure TGC. Actually, in the mouse, it was demonstrated 
that mumps virus induced innate immune responses in Sertoli and Leydig cells 
through TLR 2 and retinoic acid-inducible gene I signaling, resulting in the produc- 
tion of proinflammatory cytokines, including TNF-alpha, IL-6, monocyte chemotac- 
tic protein-1, IFN-alpha, and IFN-beta (Wu et al. 2016). By contrast, mumps virus did 
not induce the cytokine production in TGC. Clinically, serum IL-6 and IFN-gamma 
levels were elevated in severe mumps cases. Additionally, serum IL-10 level was also 
elevated in almost all patients with mumps (Wang et al. 2014). AIDS patients often 
suffer from orchitis, hypogonadism, oligozoospermia, or azoospermia. Lymphocytic 
infiltration, loss of TGC, and interstitial fibrosis were observed in AIDS patients 
(Rogers and Klatt 1988; Yoshikawa et al. 1989). It is speculated that the perivascular 
accumulation of CD4*/HIV* cells and cytokine production could affect the integrity 
of the BTB and favor the development of autoimmune orchitis (Lustig and Tung 
2006). Hepatitis B and C viruses and herpes simplex virus have been also found in 
the interstitial tissue and/or seminiferous tubules in men (Melaine et al. 2003). 
Granulomatous reactions in the testis have been ascribed to bacterial infections, 
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including tuberculosis, syphilis, leprosy, and brucellosis (Kahn and Mcaninch 1980; 
Kumar et al. 1982; Roy et al. 2011; Bosilkovski et al. 2016). In most of these cases, 
the epididymis is primarily and predominantly involved and the testis is secondarily 
affected. Granulomatous inflammation involves other conditions such as sarcoidosis, 
malakoplakia, and granulomatous seminoma and lymphoma (Kleinman et al. 1983; 
Eyselbergs et al. 2011; Bosilkovski et al. 2016). Although these infectious diseases 
elicit specific immune responses against target virus or bacteria in the testis in early 
stage, the induced inflammation may break the BTB later and be followed by autoim- 
mune responses in the testis, supporting a diagnosis of autoimmune orchitis. 

Shiraishi et al. (2009) examined anti-sperm antibody in the sera of 70 males with 
systemic autoimmune disease and 80 healthy controls by usage of the indirect 
immunobead test and the sperm immobilization test. Among 70 males with sys- 
temic autoimmune diseases, five were positives, with incidence of 7.1%. However, 
no positives existed in 80 healthy males. Therefore, systemic autoimmune diseases 
may be one of the risk factors for developing anti-sperm antibody in men. 


3.6 Cellular Immunity in Men 


Although anti-sperm antibodies have been noted in testicular autoimmunity in men 
for long years, the occurrence of delayed-type hypersensitivity (DTH) responses 
against testicular antigens can be observed in cases of human immunologic infertil- 
ity (Anderson and Hill 1998), indicating that cellular immunity against the testicular 
antigens may be also critical for testicular autoimmunity. Leukocyte migration inhi- 
bition was positive in infertile males with cryptorchidism, varicocele, genital tract 
infections, idiopathic oligozospermia, and vasectomy (Nagarkatti and Shanta 1976; 
Polidori et al. 1980). Recently, clinical studies have shown that macrophage num- 
bers increased in the testes of patients with the spermatogenic disturbance of differ- 
ent etiologies (Frungieri et al. 2002). Previously, patients suffering from prostatic 
cancer received intra-testicular injection of BCG bilaterally instead of orchidec- 
tomy (Frick et al. 1983). Testicular biopsy of the patients revealed that the seminif- 
erous tubules were partially or completely atrophied with hyalinization. Sertoli cells 
were vacuolated, and mononuclear infiltration was evident in the testicular intersti- 
tium. However, tuberculous structures were not seen. It was also reported that 
immune deviation toward a Th17 immune response was associated with testicular 
damage in azoospermic men (Duan et al. 2011). Th17 cells are a subset of T helper 
cells producing IL-17 and create inflammation and tissue injury in autoimmune 
disease. This indicates that control of not only humoral but also cellular immunity 
against testicular antigens is important for studying developmental pathways of 
orchitis and immunotherapeutic approaches for the disease. 

A crucial role of Treg-mediated tolerance on prevention of orchitis was indicated 
by the autoimmune polyendocrinopathy, a condition of spontaneous autoimmunity in 
a number of endocrine glands, which is characterized by defective CD4*CD25* Treg 
function (Kriegel et al. 2004). In patients with autoimmune polyendocrinopathy, 
expression of mRNA and protein of Foxp3 was significantly decreased (Kekalainen 
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Fig. 3.3 Sequential changes of the seminiferous epithelium during autoimmune orchitis involved 
in idiopathic disturbance of spermatogenesis in men 


et al. 2007). This suggests that loss of active suppression in the periphery could be a 
hallmark of this syndrome. 

However, there is still little evidence regarding the role of cellular immunity in 
male infertility in men. In the majority of patients with testicular autoimmunity, there 
is a chronic and asymptomatic development of the inflammatory reaction. Therefore, 
this disease is very difficult to be diagnosed at the ongoing stage, and it is possible that 
many clinical findings of histopathology of idiopathic spermatogenic disturbance are 
those of the post-active inflammation stage of autoimmune orchitis. In other words, 
the biopsies from infertile men represent the final stage of the pathological process, 
and thus the reactive changes such as lymphocytic infiltration might be no longer 
detectable and only the spermatogenic disturbance remains (Fig. 3.3). Therefore, cel- 
lular immune responses may be more critical for male infertility than has been sus- 
pected in the past in cases of idiopathic spermatogenic disturbance. 


3.7 Histopathology in Autopsy Cases in Men 


Hatakeyama (1984) observed the human testes more thoroughly than anyone else 
previously and reported on the autopsy findings of approximately 400 independently 
examined patients with or without male infertility, out of which death resulting from 
some disease occurred in approximately 160 cases, and sudden deaths determined by 
medical examiners occurred in approximately 240 cases. He documented that autoim- 
mune inflammation should occur in the testes and the epididymides more frequently 
than in any other organ and that approximately 70% of idiopathic spermatogenic fail- 
ure is associated with autoimmune phenomena. Here, the immunological fragility of 
the testes will be discussed using the findings from Hatakeyama’s autopsy reports and 
those from animal experiments. 
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Approximately 65% cases of male infertility in humans are due to idiopathic 
spermatogenetic failure (Fig. 3.2). In most cases, however, patients seek medical 
attention after becoming infertile; as a result, clinical laboratory testing to explore 
the process leading up to infertility cannot be conducted. In addition, although 
testicular biopsy is examined in clinical laboratory tests to detect spermatogenic 
state, the biopsy specimens provide a histological picture of only a very small part 
of the testis, not allowing the observation of whole testicular tissue. Therefore, 
Hatakeyama (1984) attempted to determine the pathological mechanism leading 
to spermatogenetic failure by conducting detailed laboratory examinations of 
cadaver testes. His review article included notes from the observations of the tes- 
tes of 159 patients who had died from various diseases and 238 patients in whom 
sudden death had occurred (Oshima et al. 1984; Hatakeyama 1984). While exam- 
ining a large number of specimens, a high incidence of “arteriolar hyalinosis in 
the testes” was found (Fig. 3.4). The incidence was particularly high in patients 
between 20 and 40 years old, during the period of active spermatogenesis 
(Fig. 3.4). Though the cause of this “arteriolar hyalinosis” remains unknown, four 
stressors against testicular arterioles are rapidly activated or increased after 
puberty. The four stressors are as follows: (1) the requirement of much blood flow 
for active spermatogenesis after puberty, (2) the rheological change of blood flow 
by the characteristic meandering of testicular arterioles, (3) the refrigeration of 
testicular arterioles by the adjacent pampiniform venous plexus in which the 
venous blood is cooled down in the scrotum, and (4) the permeation of the testos- 
terone to testicular arterioles from the adjacent pampiniform plexus including 
much testosterone (Fig. 3.5). In particular, these stressors are directed to vascular 
endothelia of the testicular arterioles and their branches (Takizawa and Hatakeyama 
1978). These physiological stressors against the testicular arteriolar endothelium 
may be a possible cause of induction of focal ischemia due to the vascular endo- 
thelial damage. In addition, a harmful effect of this ischemia on the germ cell 
ducts composed of seminiferous tubules, the tubuli recti, the rete testis, the ductuli 
efferentes, and epididymal ducts is presumed. At the ischemic area in the testicu- 
lar interstitium, adjacent germ cell ducts may be damaged, and subsequent inflam- 
mation may develop due to leakage of highly autoimmunogenic TGC or 
epididymal spermatozoa outside the injured germ cell ducts (Fig. 3.5). Lymphocytic 
infiltration of the ductuli efferentes with ensued peritubular sclerosis has been 
found in approximately 50% of men in their third decade, which is an extremely 
high incidence (Hatakeyama 1984; Oshima et al. 1984) (Fig. 3.6). The incidence 
of inflammatory changes of the epididymis was about 15%, which was much 
lower than the one in the area of the ductuli efferentes (Oshima et al. 1984). In 
addition, the incidence of lymphocytic infiltration at various sites in the testicular 
interstitium has been found to increase gradually with aging (Fig. 3.6). Thus, the 
ductuli efferentes was described as the “immunological Achilles tendon” by 
Hatakeyama (1984). 
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Fig. 3.4 Incidence, classification, and scoring of the arteriolar hyalinosis (H) (Hatakeyama 1984; 
partly modified). (a) The incidence of arteriolar hyalinosis in case of sudden death and death by 
various diseases. (b) The classification of arteriolar hyalinosis based on the extent of pinocytotic 
vesicle (red colored). The pinocytotic vesicles invading subendothelium, media, and adventitia are 
graded as H1, H2, and H3, respectively. (c) The scoring of arteriolar hyalinosis (H1—H3) in case of 
sudden death 
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Fig. 3.5 A hypothesis for autoimmune orchitis composed of four stressors to the testicular arteri- 
oles and the following vicious cycle resulting in the spermatogenic disturbance after puberty in 
men (Hatakeyama 1984). BTB blood-testis barrier, TGC testicular germ cells 
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3.8 Possible Pathogenesis of Primary Testicular 
Autoimmunity in Men 


Primary testicular autoimmunity is isolated orchitis with autoantibodies against tes- 
ticular antigens but without identified evidence of local or systemic disease or 
injury. It means that primary testicular autoimmunity is really idiopathic. Many 
studies pertaining to the spermatogenic disturbance have targeted the elements 
within the seminiferous tubules, including TGC, Sertoli cells, and their interactions. 
However, the involvement of tissue microenvironment outside the seminiferous 
tubules should be considered in the testicular autoimmunity. When viewed in a wide 
perspective, the spermatogenesis is supported by peritubular myoid cells surround- 
ing the seminiferous tubules, Leydig cells, resident macrophages, and endothelial 
cells of blood and lymphatic capillaries (Fig. 3.6). Takizawa and Hatakeyama (1978) 
focused mostly on testis-specific vasculature. Age-associated architectural changes 
of the human testicular microvasculature from 70 autopsy cases were stereoscopi- 
cally examined. In the testis of a young subject, the interlobular main arterioles run 
straight. The coiling phenomena of the interlobular centripetal or centrifugal arteri- 
oles are commonly seen in adult testis. It was confirmed that the coiling changes in 
the interlobular main arterioles of the human testis appear as an age-dependent 
alteration of the vasculature closely related to the volume of the testis. The practical 
importance of the spiraling, coiling, or meandering of arterioles is that it results in a 
considerable reduction of blood flow. The age-related coiling of the interlobular 
arterioles is virtually accompanied by varying degrees of collapse of the peritubular 
capillary networks. The reduction of blood supply to the seminiferous tubules plays 
an active role in promoting aging of the testis. The characteristics of age-associated 
coiling phenomena in the centripetal and centrifugal arterioles are summarized as 
follows: (1) coexistence of varying degrees of collapse or disappearance of the peri- 
tubular capillary networks, (2) irregular-pitched coiling of the arteriole occasionally 
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with focal conglomeration, and (3) disorganized meandering of the main interlobu- 
lar arterioles. 

The testicular artery and its branches in rats and mice are particularly tortuous 
and run meanderingly, and fluid dynamic stress on the vascular endothelium is 
believed to be greater than that found in blood vessels in other organs (Terayama 
et al. 2005; Hirai and Itoh 2012). In addition, spermatogenesis beginning at puberty 
is accompanied by a rapid increase in intra-testicular blood flow, and testosterone 
secreted from Leydig cells passes from the pampiniform venous plexus to the adja- 
cent testicular artery, causing an increase in the intra-arterial testosterone concentra- 
tion. The venous blood, which is cooled down in the scrotum, lowers the temperature 
of the testicular artery running among the pampiniform venous plexus (Fig. 3.5). All 
these facts are believed to act as stressors on the endothelium of the testicular arte- 
rioles. Hyalinotic lesions of the testicular arterioles appeared in the beginning of 
puberty and reached the maximum at the third decade in severity and frequency. 
Hyaline impregnation begins in the subendothelial layer, most probably as a result 
of the enhanced transcellular permeability of the endothelium, i.e., cytopempsis or 
pinocytosis. Hyaline deposits are mainly composed of granular glycolipoprotein 
that originated from the imported plasmatic fluids and from the secondarily disinte- 
grated basement membrane and elastic lamellae (Hatakeyama 1965; Hatakeyama 
et al. 1966). These changes terminate in scarring, and the scarred foci increase in 
number with aging. In addition, the hernia-like protrusion of seminiferous tubules, 
suggestive of a certain regenerative feature, probably plays more or less a certain 
role in distortion of delicate ringlike pattern of peritubular capillary networks. In 
Fig. 3.5, Hatakeyama’s concept is represented schematically (Hirai and Itoh 2012). 
This indicates that physiological stressors to testicular blood vasculature in young 
adults result in focal ischemia, which damages the BTB, and the resultant leakage 
of TGC from the damaged BTB to the testicular interstitium evokes local autoim- 
mune responses (focal autoimmune orchitis), which affect the adjacent BTB and 
injure it accompanied by further leakage of TGC. If this vicious cycle chronically 
continues, autoimmune orchitis may be developed in the whole testis, leading to 
male infertility later. Indeed, Nistal et al. (1997) reported granulomatous epididy- 
mal lesions of possible ischemic origin. To examine this hypothesis, more informa- 
tion on clinical studies and physiological studies in men should be accumulated. 

Spermatogenic disturbance can be induced by various factors (Fig. 3.7). To 
resolve the pathophysiology, observation of the seminiferous tubules and the sur- 
rounding testicular interstitium together is needed in both clinical and experimental 
examination. In particular, in animal experiments, it is important to observe the 
whole testis in the following direction: seminiferous tubules—tubuli recti—rete 
testis—ductuli efferentes>epididymal ducts. Although only a limited area can be 
histologically examined in human testicular biopsies, we can observe histological 
changes in whole testis in experimental animals. Furthermore, investigation of sper- 
matogenesis from viewpoints of the circulation of the blood and lymph, the systemic 
immunity, and the hypothalamic-pituitary-gonadal axis and their combination may 
be important (Fig. 3.8). Accumulation of these findings should make the pathogene- 
sis in human male infertility of autoimmune origin more clear in the future. 
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3.9 Human Autoimmune Orchitis and the Disease Model 
in Experimental Animals 


Clinical studies that examined the relationship between autoimmune orchitis and 
male infertility in men have been still poor and limited. Generally, trial of a biopsy 
of the tubuli recti, the rete testis, and the ductuli efferentes is impossible because of 
potential obstruction of the passage of spermatozoa from the testes into the epididy- 
mis by the biopsy procedure. Therefore, from infertile patients, it is quite difficult to 
have biopsy data of these sites where the testicular inflammation may preferentially 
occur (Itoh et al. 2005; Hirai and Itoh 2012). Moreover, there is a possibility that 
testicular biopsy itself may cause damage to the BTB followed by induction of tes- 
ticular autoimmunity. This iatrogenic obstruction of the tubular system results in 
anti-sperm antibody production (Linnet and Hjort 1977; Hjort et al. 1974; Hjort 
et al. 1982). Mechanical trauma due to the surgical removal of a biopsy specimen 
has been observed to cause damage to testicular tissue and produce a picture resem- 
bling autoimmune orchitis (Sjogren and Ploen 1988; Hendry et al. 1990). 

In contrast to clinical data on the relationship between autoimmune orchitis and male 
infertility that are still lacking, research on experimental autoimmune orchitis (EAO) 
has been widely conducted in mice, rats, guinea pigs, and other animals as a model of 
acquired idiopathic spermatogenetic failure. Typical EAO is histologically character- 
ized by lymphocytic inflammation accompanied by spermatogenic disturbance. 
However, we are aware of the fact that biopsies of human testes rarely show lympho- 
cyte infiltration from reports on male infertility. Therefore, humans and mice may 
considerably differ in terms of sensitivity to autoimmune orchitis. However, as men- 
tioned earlier, biopsy of the human testis allows for observation of only a very lim- 
ited area, making identification of the cause of inflammation difficult. In general, 
patients will receive testicular biopsy after they have been diagnosed with male infer- 
tility. Therefore, even in cases of male infertility due to autoimmune orchitis, most 
patients do not receive testicular biopsy at the initial stage of inflammatory cell infil- 
tration when they are not yet clinically diagnosed. This may result in that testicular 
biopsy is usually performed when the pathologic condition has reached an advanced 
stage, in which the inflammatory cell responses have subsided and only the sper- 
matogenic disturbance remains (Fig. 3.3). The differences between the findings 
reported in autopsy cases and those confirmed in various clinical studies may be 
explained by the fact that Hatakeyama and his colleagues were able to observe the 
entire testis instead of only a portion of it and to examine testicular tissue in humans 
in whom male infertility had not yet developed (Hatakeyama 1984; Oshima et al. 
1984). The focal orchitis observed in autopsy cases may have reflected the repair 
process subsequent to the destruction of the seminiferous tubules and the ductuli 
efferentes of the testis by focal ischemia, and it may also have involved an autoim- 
mune reaction to the antigens of leaked TGC. Focal orchitis is presumably a chronic 
inflammation because it mainly involves an infiltration of lymphocytes but not poly- 
morphonuclear leukocytes. In addition, significant deposits of complement, anti- TGC 
autoantibodies, and irrelevant immunoglobulins in the testes have been found in male 
infertility patients (Hatakeyama 1984; Oshima et al. 1984). Therefore, a relationship 
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between focal orchitis in men and testicular autoimmunity is supposed to be highly 
significant (Fig. 3.5). 

Conventionally, EAO had been easily induced in guinea pigs by subcutaneous 
injection of a testicular antigen mixed with complete Freund’s adjuvant (CFA) con- 
taining killed Mycobacterium tuberculosis. For that reason, the use of guinea pigs 
had been common in the study of EAO; however, in the era of mouse immunology, 
the development of mouse models of experimental EAO has been desirable and 
produced by subcutaneously injecting testicular antigen and CFA, followed by 
intravenous injection of killed Bordetella pertussis (BP) antigens (Bernard et al. 
1978; Sato et al. 1981; Kohno et al. 1983). Later, Itoh et al. (1991a, b, c) reported 
that EAO could be easily and simply induced using only subcutaneous injection of 
TGC freshly collected from syngeneic donor mice and that no adjuvant was neces- 
sary for the EAO induction. In animals with unilateral testicular trauma, Naito et al. 
(2009a) also succeeded in inducing experimental EAO in the testis on the opposite 
side (=sympathetic EAO) with no immunopotentiating drugs. In various organs 
other than the testis, experimental induction of autoimmune inflammation is hardly 
possible by only inflicting traumatic injury to target organs or active immunization 
with target antigens with no CFA and BP use. This suggests that TGC antigens con- 
tain very strong autoimmunogenicity not found in any other cells. In other words, 
the testicular tissue is most vulnerable for autoimmunity among the various tissues. 
Therefore, although the testis is regarded as an immune-privileged organ and resis- 
tant to inflammation, it is also highly susceptible to autoimmune inflammation 
(Fig. 3.9). 


Immune privileged testis 


Fig. 3.9 Immunological 
dual nature of the testis 
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Since EAO can be induced by only exposing TGC to the immune system outside 
the BTB with no artificial immune enhancement (Itoh et al. 199 1a), it can be said that 
this disease model is closer to the clinical cases, in which focal ischemia or traumatic 
injury in the testis damages the seminiferous tubules, followed by leakage of the 
TGC to the outside of the tubules. In this EAO model, rampant lymphocytic infiltra- 
tion occurs during the active phase, whereas during the late stages of EAO, lympho- 
cytic infiltration subsides, leaving only irreversible spermatogenetic disturbance 
(Naito and Itoh 2008; Naito et al. 2009b). At this point, this EAO at late stages closely 
resembles maturation arrest and Sertoli cell-only syndrome in humans (Fig. 3.3). In 
addition, as with clinical findings of infertile male patients, both the deposition of 
complement and immunoglobulins and the resulting thickening of the basal mem- 
brane of the seminiferous tubules were also found in the late stages of EAO (Naito 
et al. 2012a, b). Furthermore, the area of predilection of lymphocytic infiltration in 
the human testis and the pathological feature in the mouse EAO model are very simi- 
lar. In both cases, inflammation preferentially developed in and near the mediastinum 
testis (interstitial tissue adjacent to the tubuli recti and the rete testis) (Naito and Itoh 
2008; Naito et al. 2009a). Even under normal circumstances, the distribution of arte- 
rioles is poor at the mediastinum testis, making ischemia likely to occur (Hatakeyama 
1984). In addition, macrophages are dense in the mediastinum testis, and a few lym- 
phocytes and macrophages also invade the tubuli recti and rete testis (Osman 1979; 
Tung et al. 1987; Itoh et al. 1995, 1999; Naito et al. 2008; Tainosho et al. 2011). The 
tissue environment in the tunica albuginea adjacent to the mediastinum testis is also 
very specific, including components such as highly developed lymphatic capillaries 
(Hamasaki and Kumabe 1994; Itoh et al. 1998; Hirai et al. 2010, 2012, 2013). 
Clinically, biopsy at the mediastinum testis is associated with a risk of obstruction of 
the efferent duct system for germ cells. Thus, biopsy at the mediastinum testis is 
unsuitable for clinical laboratory tests. Therefore, even if no inflammatory lesion is 
found on biopsy at some peripheral sites in the testes of male infertility patients, the 
potential for inflammation at the mediastinum testis remains. 
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Testicular Autoimmunity 
by Immunization with Testicular 
Antigens Alone in Experimental Animals 


4.1 Introduction of Autoimmune Orchitis in Experimental 
Animals 


Testicular autoimmunity in experimental animals can be divided into “spontaneous” 
and “experimental” autoimmune orchitis (EAO). 

Spontaneous autoimmune orchitis was reported in the dog (Fritz et al. 1976; 
Davidson et al. 2015), the mink (Tung et al. 1981, 1984; Pelletier et al. 2009), the 
rat (Furbeth et al. 1989), and the mouse (Robinson et al. 1994). The pathology of the 
spontaneous orchitis involves lymphocytic infiltration, spermatogenic disturbance, 
and deposits of immune complexes in the basal lamina of seminiferous tubules with 
appearance of serum anti-TGC autoantibodies; however, its pathophysiology 
remains unclear. In the mink, there are two pathological patterns: one has massive 
granulomatous inflammatory lesion, and another has extensive TGC loss with little 
inflammation (Lustig et al. 2014). It is noted in the mink that there is an association 
of spontaneous autoimmune orchitis with abnormal hypothalamic-pituitary- 
testicular axis since correction of the hormonal defect prevented the orchitis (Tung 
et al. 1984). Pelletier et al. (2009) identified aberrations leading to spontaneous 
autoimmune orchitis, in which a malfunction of the clearance mechanisms for 
apoptotic cell debris arising from imbalance in phagocyte receptors or cytokines 
acting on Sertoli cells was observed with increased serum levels of TNF-alpha and 
IL-6 in the mink. Western blot analyses revealed that serum from minks with the 
orchitis reacted specifically to 23 and 50 kDa proteins of TGC. With the advance of 
the spontaneous autoimmune orchitis, expression of connexin 43, a gap junction 
protein, decreased (Pelletier et al. 2011). 

On the other hand, EAO are experimentally induced by various protocols for 
immunization with testicular autoantigens or for alteration of the immune system 
without injecting testicular autoantigens. The first model of EAO was developed by 
Freund et al. (1953). The EAO lesions contained immunopathological evidence of 
granulomatous or non-granulomatous orchitis, testicular immune complexes, and 
epididymal granuloma of noninfectious origin. Similar changes have been often 
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Fig. 4.1 Three main factors for induction or suppression of experimental autoimmune orchitis (EAO) 


found in testicular biopsies from infertile men. In general, EAO is CD4 T cell 
dependent and characterized by lymphocytic inflammation with damage to the semi- 
niferous epithelium, that is, the shedding and apoptosis of TGC. The complete histo- 
pathological lesion is produced by both cellular and humoral immune responses. 
EAO has been investigated in guinea pigs, rats, mice, and other animals for more 
than 60 years, and, at present, the mouse has the distinct advantage of the availability 
of a wide range of immunological markers and a well-defined genetic background. 

Chapters 4—7 review research on various EAO models. Its aim is to review and 
attempt to understand the regulatory mechanisms that normally prevent EAO from 
occurring, the events that overcome these control mechanisms, and, once initiated, 
the mechanisms that amplify the disease process (Fig. 4.1). 


4.2 Various EAO Models by Immunization with Testicular 
Antigens Alone 


4.2.1 EAO Induced by Immunizations with Syngeneic TGC Alone 


4.2.1.1 Induction of Active EAO 

Active EAO is produced in both C3H/He and A/J mice with as high as 100% inci- 
dence by two subcutaneous injections of 1 x 10’ viable syngeneic TGC on days 0 
and 14 without resorting to any adjuvants or other artificial immuno-potentiation 
(Fig. 4.2a) (Itoh et al. 1991a). Prepared TGC contained all kinds of spermatogenic 
cells including spermatogonia, spermatocytes, spermatids, and spermatozoa. This 
EAO develops fully within 40 days through three different phases: a preclinical 
phase (until day 20), the disease onset phase (from day 20 to day 25), and the dis- 
ease developing phase (from day 25 to day 40) (Itoh et al. 1995a; Naito and Itoh 
2008; Naito et al. 2012a, b). The autoimmune nature of this model may be evi- 
denced by a steady occurrence of both antibody and DTH responses against synge- 
neic TGC (Hirai et al. 2013a; Qu et al. 2014). In particular, the level of DTH 
response to TGC protein was highly relevant to the pathology of EAO development. 
As this EAO model can be induced without the immune responses against 
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Fig. 4.2 Comparison of autoimmune inflammation between TGC- and epididymal spermatozoa- 
immunized mice. a, mice immunized with TGC. b, mice immunized with epididymal spermatozoa. 
Dotted area indicates the presence of the lymphocytic inflammation. D, ductuli efferentes. E, 
epididymis. T, testis. V, vas deferens 


adjuvants, it is simply autoimmune in nature. It is also noted that immunization with 
syngeneic epididymal spermatozoa failed to induce EAO (Fig. 4.2b). 


4.2.1.2 Histopathology of Testicular Inflammation 
In this EAO model, lymphocytes first appear around the tubuli recti, surround 
them, and then spread to the peripheral interstitium, resulting in induction of sper- 
matogenic disturbance (Naito and Itoh 2008; Naito et al. 2009) (Fig. 4.3). 
Therefore, the pathologic lesions preferentially involve the tubuli recti where the 
BTB may be incomplete. A number of F4/80* and class II MHC antigen* cells 
were located in and around the tubuli recti of the TGC-immunized mice. This 
model is very unique in that epididymitis and vasitis are completely lacked (Itoh 
etal. 1991a, b) (Fig. 4.2). Therefore, the immune responses involved in this model 
may be mainly directed to testis-specific antigens on TGC but not to specific anti- 
gens on epididymal spermatozoa bearing late developing male antigens. The anti- 
genic determinants of TGC, which diminish or disappear as the spermatogenic 
cells differentiate to mature sperm, may be chiefly responsible for the induction of 
this EAO model. Unexpectedly, subcutaneous injections of viable epididymal 
spermatozoa did not evoke any autoimmune inflammation in the epididymides 
(Fig. 4.2). Therefore, the testis rather than the epididymis may easily become an 
unprivileged organ as to autoimmunity in this experimental model. It may be that 
testicular but not epididymal haploid cells, spermatids but not spermatozoa, have 
critical autoantigens for this EAO. 

Both cellular (CD4* T cells and CD8* T cells) and humoral (B cells and plasma 
cells) immunity participate in immunohistochemical manifestation of the EAO 
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Fig. 4.3 Histopathological stages of EAO. D, ductuli efferentes. R, rete testis. S, seminiferous 
tubules. T, tubuli recti. Dark-colored area indicates the presence of the lymphocytic inflammation 


lesion. T cells in the testes were as numerous as cytoplasmic Ig-bearing cells (approx- 
imately 30% of all inflammatory infiltrating cells). The T cells and cytoplasmic 
Ig-bearing cells were diffusely distributed through the interstitium, while B220* cells 
formed focal collections and were predominantly located in the subcapsular lesion. 
Major phenotype of T cells in the lesion was CD4* (approximately 85%) with the 
remainder (approximately 15%) being CD8*. Deposits of immunoglobulins and 
complements were identified on the basement membrane of the seminiferous tubular 
wall, interstitium between the seminiferous tubules, blood capillary endothelium, 
and degenerated TGC. Inflammatory cells (including macrophages, B cells, and, 
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probably, some activated T cells) in the lesion were class II MHC antigens* (Itoh 
et al. 1991b). However, Leydig cells, Sertoli cells, and TGC did not exhibit class II 
MHC antigens at all. In addition, after the active inflammation stage of this model, 
the seminiferous epithelium is damaged irreversibly, resembling the histopathology 
of human male idiopathic spermatogenic disturbance (Naito et al. 2012a). 

During EAO, lymphangiogenesis occurred along the undersurface of the tunica 
albuginea but not into the interstitium proper between the seminiferous tubules (Hirai 
et al. 2012, 2013b). It was noted that some F4/80* macrophages expressed lymphatic 
vessel endothelial hyaluronan receptor (LY VE)-1, a lymphatic endothelial cell marker, 
at the undersurface of the tunica albuginea and also in the testicular interstitium proper 
between the seminiferous tubules, indicating that activated macrophages play an 
important role in the process of testicular lymphangiogenesis. All LYVE-1* cells 
between the seminiferous tubules are positive for F4/80 and negative for CD31, an 
endothelial marker. There is no LY VE-1* cell in normal testicular interstitium proper 
between the seminiferous tubules (Hirai et al. 2010, 2012). These data suggested that 
LYVE-1* cells in the testicular interstitium proper in testicular inflammation are mature 
macrophages but not endothelia of lymphatic capillary. LYVE-1* cells in EAO were 
frequently detected around blood capillaries but did not form capillary structure in the 
testicular interstitium proper. However, the interstitium under the tunica albuginea, the 
lymphatic capillary structure, was identified, and some LYVE-1* macrophages were 
incorporated into the wall of lymphatic capillaries. This suggests that some F4/80* 
mature macrophages expressing LYVE-1 migrate and are incorporated into the lym- 
phatic capillaries for lymphangiogenesis during inflammatory testis. Real-time 
RT-PCR analysis revealed that the expression of vascular endothelial growth factor 
(VEGF)-A, VEGF-D, and TNF-alpha were significantly increased but that of VEGF-C 
remained unchanged in the inflammatory testes. The interstitial area in EAO was 
expanded on active inflammatory condition and then reduced with resolution of lym- 
phocytic inflammation under post-inflammatory condition (Naito et al. 2012a). In 
EAO, lymphatic capillaries extend along the undersurface of the tunica albuginea, indi- 
cating that increased lymphatic capillaries preferentially surround inflammatory lesions 
and play important roles in draining both the increased interstitial fluid including the 
infiltrating lymphocytes effectively (Hirai et al. 2012, 2013b). 


4.2.1.3 Histopathology of the Spermatogenic Disturbance 

A significant spermatogenic disturbance was consistently induced after the appear- 
ance of inflammatory cell responses around the tubuli recti (Itoh et al. 1995a, b). The 
histopathology of the seminiferous tubules in the early phase ranged from partial 
degeneration and depletion of all kinds of TGC to complete loss of spermatocytes, 
spermatids, and spermatozoa, with some remaining spermatogonia, while both 
Sertoli cells and the basal lamina of the tubules appeared relatively intact. The distur- 
bance of spermatogenesis which had started near the tubuli recti region spread to the 
peripheral area in spite of the fact that the inflammatory cell infiltration was still 
limited to the tubuli recti region. Thus, the damage to seminiferous epithelium was 
not dependent on a direct contact of the inflammatory cells with the epithelium. In 
the late phase, loss of contact between TGC, appearance of some round-shaped 
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degenerating ones, depletion of some Sertoli cells with detachment of the cells from 
the basal membrane, distortion and dissociation of the tubular wall layers, appear- 
ance of malformed spermatids with signet ring nuclei, depletion of immature TGC 
with remaining elongated spermatids, or complete loss of the seminiferous epithe- 
lium were observed in addition to the early histopathological features. Some Sertoli 
cells and a few spermatogonia were sometimes remained even when the tubules were 
infiltrated by inflammatory cells, showing that they, especially Sertoli cells, are rela- 
tively resistant to this autoimmunity. In the most severely damaged tubules, the 
whole tubular architecture was destroyed by the invading inflammatory cells and 
replaced by granulomatous tissue. Considering that this EAO model is induced by 
spermatid-specific autoimmunity, the histological feature of the seminiferous tubules 
in the lesions apparently shows depletion of elements of the seminiferous epithelium 
in an antigen-nonspecific fashion. These features support the theory that a distur- 
bance of TGC development rather than a specifically immunological depletion of 
TGC may be critical for producing such lesions (Fig. 4.4). 

Previously, the pathogenesis for TGC depletion in EAO-affected seminiferous 
tubules was often attributed to an influx of specific autoantibodies into the germ cell 
ducts with a leaky BTB. However, this theory is not suitable for the antigen-nonspecific 
TGC depletion in EAO. At least three causes can be considered for the disturbance of 
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Fig. 4.4 Modes of lymphocytic inflammation and the following spermatogenic disturbance dur- 
ing EAO 
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spermatogenesis. The first is that the presence of the testicular inflammation 
induces an impairment of the local circulation of blood and lymph in the testis, 
leading to an inhibition of TGC development. The circulatory impairment in the 
testis is evidenced by the presence of congestion and widened lymphatic space in 
the lesion. The circulatory impairment may also inhibit transport of TGC by peri- 
tubular myoid cell contraction. The local congestion may also elevate intra- 
testicular temperature, with the resultant physical damage to the seminiferous 
epithelium. The second is that intense inflammation surrounding the tubuli recti 
may cause dysfunction of the valve of the modified Sertoli cells at tubuli recti for 
regulation of intra-seminiferous tubular pressure. The valve dysfunction may evoke 
increase in the intratubular pressure, resulting in damage to the seminiferous epi- 
thelium. The third is that the inflammatory cells in EAO lesion locally secrete vari- 
ous cytokines (such as IL-1, IL-2, IFN-gamma, and TNF-alpha), which may be 
harmful to the TGC development (Fig. 4.4). 

It has been demonstrated that Fas/Fas ligand- and Bax/Bcl-2-mediated apoptoses 
are two of the main causes of TGC death under various conditions, including cryptor- 
chidism, vasectomized testis, and testicular torsion (Koji 2001; Koji et al. 2001; 
Kuerban et al. 2012). In TGC-induced EAO, some TGC still exist in the seminiferous 
tubules when lymphocytic infiltration has finally resolved (Naito et al. 2012a, b). It 
was also found that both the proliferation and death of TGC occurred simultaneously 
in the seminiferous tubules during the post-active inflammation stage of TGC-induced 
EAO. To get more detailed pathogenic information on TGC death during EAO, 
involvements of Fas/Fas ligand and Bax/Bcl-2 systems in TGC death following 
immunization with TGC were studied (Kuerban et al. 2012). Many TUNEL-stained 
TGC were present in the seminiferous tubules during the active inflammation stage, 
and these cells were persistently observed in the seminiferous epithelium until the 
post-active inflammation stage. Intra-testicular mRNA expression levels of both Fas 
and Bax were increased during the active inflammation stage and were dramatically 
decreased during the post-active inflammation stage. In contrast, the intra-testicular 
mRNA expression levels of both Fas ligand and Bcl-2 did not show significant changes 
during the active inflammation stage. Immunohistochemically, some Fas- and Bax- 
positive germ cells were detected during the active inflammation stage, but these were 
hardly found during the post-active inflammation stage. In contrast, some Fas ligand- 
and Bcl-2-positive TGC were immunohistochemically found during the active inflam- 
mation stage, and many of these were also observed during the post-active inflammation 
stage. These results indicate that TGC death during TGC-induced EAO is mediated by 
the Fas/Fas ligand and Bax/Bcl-2 systems during the active inflammation stage but not 
the post-active inflammation stage. Therefore, TGC death during the post-active 
inflammation stage should occur through mechanisms other than the Fas/Fas ligand or 
Bax/Bcl-2 system in TGC-induced EAO. The intra-testicular mRNA expression lev- 
els of caspase 3 and caspase 8 increased during the active inflammation stage; how- 
ever, the expression level of caspase 9 decreased during this stage. This implies that 
TGC apoptosis during the active inflammation stage is primarily mediated by the Fas/ 
Fas ligand system rather than the Bax/Bcl-2 system. During the post-active inflamma- 
tion stage, the intra-testicular mRNA expression levels of caspase 3 and caspase 8 did 
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not change significantly, whereas the expression level of caspase 9 decreased. 
Considering that TUNEL-positive TGC were detected at higher levels than those of 
normal mice during the post-active inflammation stage, most TGC deaths are proba- 
bly non-apoptotic during the post-active inflammation stage. In general, cells that 
show increased resistance to stress require higher stimulus levels to induce cell death. 
The ability to evade apoptosis is induced by a range of different alterations, inducing 
physiological changes such as the activation/upregulation of mitogenic signaling 
pathways, inactivation/downregulation of certain apoptotic molecules, and upregula- 
tion of a number of anti-apoptotic genes. In normal condition, Fas- and/or Bax- 
positive TGC and Fas- and Bax-negative TGC exist simultaneously; however, 
Fas- and/or Bax-positive TGC were increased during the active inflammation stage, 
but Fas- and Bax-negative TGC remained alive during the post-active inflammation 
stage. There is a possibility that the upregulation of Fas ligand and Bcl-2 during the 
post-active inflammation stage is a reaction against the inactivation of Fas- and the 
Bax-mediated TGC death, respectively (Kuerban et al. 2012). 


4.2.1.4 Passive EAO by Adoptive Transfer of Lymphocytes 

For analysis of immunological events at the beginning and the course of this auto- 
immune reaction, the adoptive transfer system offers an important approach. In a 
simple protocol for adoptive transfer of EAO, cell donors were mice that received 
subcutaneous injections twice with TGC alone (Itoh et al. 1991c). Spleen cells from 
the donor mice were stimulated in vitro with TGC, propagated in IL-2-containing 
medium, and then injected intraperitoneally or intravenously to naive recipient 
mice. This procedure induced severe orchitis and spermatogenic disturbance in the 
recipients at high incidence, with often involvement of inflammation in the epididy- 
mis and the vas deferens. Elimination of all T cells or CD4* T cells before the trans- 
fer produced no histopathological signs in the recipients, whereas that of the CD8* 
T cells or B cells had no inhibitory effects on the disease transfer, indicating that the 
effector cells are CD4* T cells (Itoh et al. 1991c). Therefore, the CD4* T cells are 
critical cells for EAO induction and the CD8* cells (approximately 15% of infiltrat- 
ing leukocytes in EAO lesion), B cells, and plasma cells (approximately 50% of 
infiltrating leukocytes) may be involved in further development of EAO lesion (Itoh 
et al. 1991b). It is known that CD4* T cells recognize peptides in association with 
class II MHC molecules, although MHC class II-positive cells in normal mouse 
testis are quite sparse. 

In the experimental system using mice immunized with TGC alone, it is also 
noted that mode of inflammatory cell infiltration in adoptively transferred EAO to 
recipients (passive EAO) differs from that in EAO induced by subcutaneous injec- 
tions with TGC (active EAO). Although the orchitis affecting the tubuli recti and 
seminiferous tubules at various sites was common between passive and active EAO, 
epididymitis and vasitis were accompanied only in the passive EAO (Itoh et al. 
1991a, b, c). The reason for producing the different histopathology is unknown. 
Differences in migration property of lymphocytes to the target organ may exist 
between the transferred lymphocytes stimulated in vitro in passive EAO and lym- 
phocytes stimulated in vivo in active EAO. At present, the precise mechanism of 
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migration of the transferred TGC-specific lymphocytes into the male reproductive 
tissues is still unanswerable. The donor lymphocytes introduced into naive recipients 
were able to home to the testis and induce EAO without depending on artificial per- 
turbation of the BTB. This indicates that a part of TGC autoantigens are not immu- 
nologically sequestered by the BTB and accessible by exogenously administered 
TGC-specific CD4* T cells in normal recipient mice. 

Subsequently, a CD4* T cell line was derived from mice immunized with TGC 
alone by subsequent repeated selection of the lymphocytes in vitro with soluble tes- 
ticular antigens (Itoh et al. 1992a). Intraperitoneal or intravenous inoculation of as 
few as 1 x 10° lined cells that had been stimulated in vitro with testicular antigens 
before inoculation was capable of transferring EAO to naive recipients. The trans- 
ferred lesion was characterized by infiltration of inflammatory cells into the epididy- 
mis and rete testis (epididymo-orchitis) and the following widespread spermatogenic 
disturbance in the testis. Therefore, this passive EAO by CD4*T cell line is quite 
different from active EAO (orchitis without epididymitis) in regard to mode of 
inflammatory cell infiltration. In the T cell line-induced EAO, lymphocytic infiltra- 
tion consistently started in the epididymis before spreading to the rete testis (Fig. 4.5). 
In vitro characterization of the biological activity of the lined cells revealed that the 
cells had no cytolytic or cytotoxic activity against TGC, but the culture supernatant 
had macrophage migration inhibitory activity involved in the DTH response (Itoh 
et al. 1993). Therefore, the DTH responsiveness transferred by the T cell line was 
found to correlate with their EAO-inducing capacity. It is also important to stress that 
the transferred T cell line must be stimulated with testicular antigens before the cell 
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Fig. 4.5 Autoimmune orchitis, epididymitis, and vasitis by TGC-specific lymphocytes 
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transfer for the successful induction of EAO. The lined T cells cultured in the absence 
of stimulation with testicular antigen revert to the resting state and lose their EAO- 
inducing capacity. Although it is supposed that the activated cells may home in on the 
testis and epididymis more efficiently than the resting cells, it is not yet clear what 
differences exist at the molecular level between the activated and resting lined cells 
in this EAO transfer model. In the relevant experiments, when the lined orchitogenic 
CD4* T cells were seeded onto cultured monolayers of syngeneic Sertoli cells and 
dermal fibroblasts, they immediately induced detachment of the both monolayers in 
an antigen-nonspecific manner (Itoh et al. 1993). The disease transfer was antigen 
specific, because no inflammatory lesion was found in any organs other than epididy- 
mis and testis by intraperitoneal transfer of the T cell line. Therefore, activated T cell 
line might specifically home in on the epididymal and testicular vasculatures, migrate 
into their interstitium, and then break the integrity of the blood-epididymal barrier 
and the BTB, in an antigen-nonspecific fashion through the secretion of some cyto- 
kines or direct cell contact. Furthermore, with loss of the blood-epididymal barrier 
and the BTB, more germ cell autoantigens might leak from the epididymal ducts and 
the seminiferous tubules, and a continuous source of the autoantigens for immune 
stimulation might be provided. Indeed, the culture supernatant of the T cell line 
induced nonspecific local inflammation when injected into subdermal tissue of nor- 
mal syngeneic mice. Therefore, the lined T cells were shown to devastate a tissue 
integrity and cause attraction and activation of inflammatory cells of the recipient 
origin in a local environment. The injection of culture supernatant from the lined T 
cells with irradiated spleen cells caused more intense subdermal inflammation com- 
pared to that of the culture supernatant alone. These results suggest that the trans- 
ferred lined CD4* T cells will specifically home in to the testis and epididymis of 
recipients, but the following devastation of seminiferous tubules and epididymal 
ducts might be nonspecifically produced by coexistence of the donor CD4* T cells 
and other inflammatory cells of recipient origin in the lesion. 


4.2.1.5 Humoral Immunity in EAO 

Serum autoantibody titers against TGC and epididymal spermatozoa gradually 
increased with the development of EAO (Hirai et al. 2013a). At the initial stage of 
EAO, serum autoantibodies reacted with only a few antigens of TGC and epididymal 
spermatozoa, while in the later stage, the reactions with various antigens of TGC and 
epididymal spermatozoa occurred (Itoh et al. 1994; Qu et al. 2010; Musha et al. 
2013). However, the autoantibodies were specific to the testis and epididymis but not 
to other organs (seminal vesicle, brain, heart, lung, thymus, salivary gland, small 
intestine, liver, pancreas, kidney, muscle, and ovary) in enzyme-linked immunosor- 
bent assay (Itoh et al. 1989; Hirai et al. 2013a). In active EAO of which induction is 
CD4* T cell-dependent, B cell lineage (B cells and plasma cells) was found to be 
approximately 50% of all infiltrating cells in the testis lesion (Itoh et al. 1991b). 
Although the disease was transferrable to naive recipients only by CD4* T cells from 
TGC-immunized donor mice, a significant infiltration of B cells and plasma cells in 
EAO lesion suggests that the local humoral immunity also might affect the integrity 
of seminiferous epithelium and the supporting tissue in the testis. Many plasma cells 
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preferentially infiltrated around the tubuli recti already from the early stage of EAO 
(Naito et al. 2009, 2012b). A number of these cytoplasmic Ig-bearing cells contained 
IgG or IgA. It is noted that there was a good correlation between the serum level of 
anti-TGC antibodies of IgG class and the intensity of IgG deposition in the testis 
lesion, but serum IgA autoantibodies were not detected in spite of evidence of IgA 
deposition on degenerated cells inside the epididymal ducts. There were no cytoplas- 
mic IgA-bearing cells in any portion of the epididymal interstitium in TGC-induced 
active EAO. It appears most likely that the IgA deposits on degenerated cells inside 
the epididymal ducts were derived from TGC reacted with intra-seminiferous tubu- 
lar-specific IgA antibodies secreted by a number of IgA-producing cells residing in 
the testis lesion. There is another possibility that degenerated IgA-producing plasma 
cells themselves which had infiltrated into the seminiferous tubules were finally 
flowed to the epididymal ducts. The circulating antibodies of IgG class reacted 
strongly with the acrosomal portion of round and elongating spermatids but only 
weakly with that of mature spermatozoa (Itoh et al. 1991b, 1994). Although the IgM 
antibodies reactive with the acrosomal area of immature TGC were also identified, 
the same class of antibodies reactive with the acrosome of mature spermatozoa was 
undetectable (Itoh et al. 1991b). It seems therefore that this testicular autoimmunity 
may be primarily directed to immature acrosomal proteins of developing haploid 
cells which diminish as the spermatids differentiate to mature sperm, with the resul- 
tant orchitis but not epididymo-vasitis (Fig. 4.2). Anti-TGC antisera primarily reacted 
with the acrosomal and proacrosomal portion of spermatids of mice as early as 
3 weeks (Soramoto et al. 1993; Itoh et al. 1994). As shown in enzyme-linked immu- 
nosorbent assay, immunohistochemical stainings obtained by reaction of the immune 
sera with liver, kidney, and ovary sections were also negative. Therefore, the results 
indicate that the circulating antibodies are quite organ specific (Itoh et al. 1994; Hirai 
et al. 2013a). However, it cannot be excluded that circulating autoantibodies against 
spermatogonia, spermatocytes, Sertoli cells, the basal lamina of the seminiferous 
tubules, and the Leydig cells are also produced in TGC-immunized mice but depos- 
ited in the testicular tissue of the host, resulting in absorption of the autoantibodies 
against testicular cells other than the spermatids and spermatozoa from the blood 
circulation, because the testicular tissues outside the BTB formed by inter-Sertoli 
cell junction apparently has free access to the products delivered from the blood 
circulatory system. In fact, the immune deposits had been detected on outside the 
BTB in the lesion of this EAO (Itoh et al. 1991b; Naito et al. 2012a, b). In this way 
the autoantibodies would easily react with the testicular tissue of the host and disap- 
pear from the serum samples. To test this possibility, an immunohistochemical exam- 
ination was performed by using the immune sera from mice that were castrated 
before receiving the first TGC injection 7 days later. However, even in this case, the 
serum autoantibodies were against round, oval, and elongated-shaped spermatids but 
never on less mature TGC resting on the basal lamina, Sertoli cells, basal lamina, or 
testicular interstitial cells. Therefore, intra-testicular plasma cells may secrete auto- 
antibodies against spermatids and spermatozoa. Furthermore, the preferential 
involvement of the tubuli recti might be due to that infiltrating class II MHC-positive 
B cells around the tubuli recti function as antigen-presenting cells and attract more 
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lymphocytes (Naito et al. 2009). Furthermore, antibodies secreted from plasma cells 
in situ may cause further damage to basal lamina of the tubuli recti and the seminifer- 
ous tubules. 


4.2.1.6 Developmental Autoimmunogenicity of TGC 

Trials to induce EAO by immunization with TGC obtained from various aged mice 
revealed that TGC from donor mice younger than 3 weeks of age did not exhibit the 
capability to induce the disease; however, TGC from donor mice older than 4 weeks 
of age showed the EAO-inducing capability (Soramoto et al. 1993). Developmental 
studies using various aged mice demonstrated that TGC from 6- rather than 5-week- 
old mice had more strong capability of inducing EAO (orchitogenicity) (Fig. 4.6). 
Both DTH-inducing and anti-TGC antibody-eliciting capabilities were observed in 
mice immunized with TGC from donor mice older than 4 weeks of age. Therefore, 
this implies that the testis becomes vulnerable to localized autoimmunity as early as 
4 weeks of age when spermatids first start to differentiate in the seminiferous tubules. 
To assess the cytokine release from specific lymphocytes stimulated with syngeneic 
TGC derived from mice at various ages, levels of IL-2 and IFN-gamma in the super- 
natants obtained from co-culture of lymphocytes with each TGC were determined. 
The spleen cells did not secrete detectable levels of IL-2 and IFN-gamma in response 
to TGC from 3-week-old mice but did upon stimulation with TGC from 4 weeks or 
older (Soramoto et al. 1993). 

In biochemical studies for detection of autoantigens of TGC, the fragility of TGC 
plasma membrane following exposure to chemical treatment must be kept in mind. 
By using SDS-polyacrylamide gel electrophoresis and immunoblotting in reaction of 
normal sera with normal murine testicular homogenates, two immunoreactive bands 
corresponding to approximately 45 and 100 kDa were detected (Qu et al. 2010; 
Musha et al. 2013). These two natural autoantibodies were more definitely detected 
in sera of TGC-induced EAO. Furthermore, the immune serum samples also reacted 
with three additional autoantigens of approximately 25, 40, and 250 kDa. 

Later, Terayama et al. (2016) tried to identify TGC-specific autoantigens relevant 
to EAO. In that study, 11 TGC-specific autoantigens including (1) tubulin, beta 2cl; 
(2) ATPase, H* transporting, lysosomal V1 subunit A; (3) pyruvate dehydrogenase 
lipoamide beta; (4) heat shock protein 1-like; (5) fructose bisphosphatase 1; (6) leu- 
cine-rich repeat containing 34; (7) aspartyl aminopeptidase isoform b; (8) 
glyceraldehyde-3-phosphate dehydrogenase, spermatogenic; (9) pyruvate dehydro- 
genase El alpha 2; (10) DAZ-associated protein 1; and (11) unnamed protein prod- 
uct (fumarate hydratase-related protein) were specifically reacted with serum IgG 
from TGC-immunized mice by TGC liquid chromatography-tandem mass spectrom- 
etry analysis, followed by two-dimensional gel electrophoresis. Real-time RT-PCR 
analysis by the use of various organs such as the testis, epididymis, submandibular 
gland, spleen, heart, kidney, skeletal muscle, small intestine, liver, brain, lung, and 
pancreas showed that the mRNA expressions of 9 of identified 11 TGC-specific auto- 
antigens except for (2) ATPase, H* transporting, lysosomal V1 subunit A, and (7) 
aspartyl aminopeptidase isoform b were extremely higher in the testis compared to 
in other organs. Moreover, mRNA expressions of (1) tubulin, beta 2 cl, (2) ATPase, 
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Fig. 4.6 Ontogeny of 
TGC autoimmunogenicity 
for EAO induction. 
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H+ transporting, lysosomal V1 subunit A, (4) heat shock protein 1-like, (5) fructose 
bisphosphatase 1, (6) leucine-rich repeat containing 34, (8) glyceraldehyde-3-phos- 
phate dehydrogenase, spermatogenic, and (10) DAZ-associated protein 1 in normal 
testes of 8-week-old mice were significantly higher than those of 2-week-old mice. 
Exceptionally, only mRNA expression of (7) aspartyl aminopeptidase isoform b in 
normal testes of 8-week-old mice appeared lower than those of 2-week-old mice. It 
is also noted that mRNA expressions of 10 of identified 11 autoantigens except for 
(7) aspartyl aminopeptidase isoform b were more in TGC than in epididymal sper- 
matozoa. Moreover, the identified each protein was produced by HEK293T cells that 
were transfected plasma vector with each candidate gene and then reacted with 
serum antibodies from EAO-induced mice by the Western blot analysis. The results 
showed that (2) ATPase, H* transporting, lysosomal V1 subunit A, (4) heat shock 
protein 1-like, (5) fructose bisphosphatase 1, (9) pyruvate dehydrogenase E1 alpha 2, 
and (10) DAZ-associated protein 1 specifically reacted with the immune sera, but not 
control ones. Therefore, three proteins composed of (4) heat shock protein 1-like, (5) 
fructose bisphosphatase 1, and (10) DAZ-associated protein | are important target 
autoantigens for EAO. In particular, in adult human testes, (4) Heat shock protein 
1-like and (10) DAZ-associated protein | but not (5) fructose bisphosphatase 1 are 
specifically detected in round and elongated spermatids, indicating that these two 
proteins are critical for EAO induction (Uhlen et al. 2010, 2015). 

By subtracted cDNA library screening, Nagahori et al. (2017) also tried identifi- 
cation of TGC-specific autoantigens related to EAO. In that study, 24 TGC-specific 
autoantigens including (1) 1700034015, (2) diazepam binding inhibitor, (3) 
1700093K21, (4) ADP-ribosylation factor-like 4A, (5) 2210012G02, (6) 
N-acetyltransferase 9, (7) 1700054F22, (8) interferon-stimulated protein, (9) zinc 
and ring finger 4, (10) Y box protein 2, (11) Y box protein 1, (12) abhydrolase 
domain containing 6, (13) syntaxin 18, (14) germ cell-specific gene 1, (15) peroxi- 
somal biogenesis factor 3, (16) ubiquinol cytochrome c reductase core protein 2, 
(17) eukaryotic translation initiation factor 3, subunit E, (18) atlastin GTPase 3, (19) 
Zona pellucida 3 receptor, (20) LIM domain containing preferred translocation 


106 4 Testicular Autoimmunity by Immunization with Testicular Antigens Alone 


partner in lipoma, (21) G-protein-coupled receptor kinase-interactor 1, (22) nicotin- 
amide nucleotide transhydrogenase, (23) heat shock protein 4-like, and (24) ankyrin 
repeat domain 36 were specifically reacted with serum IgM from TGC-immunized 
mice by screening cDNA library from mouse TGC. Real-time RT-PCR analysis by 
the use of various organs such as the testis, epididymis, submandibular gland, 
spleen, heart, kidney, skeletal muscle, small intestine, liver, brain, lung, and pan- 
creas showed that the mRNA expressions of 19 of identified 24 TGC-specific auto- 
antigens except for (2), (8), (16), (20), and (22) were extremely higher in the testis 
compared to other organs. Moreover, mRNA expressions of (1), (3), (6), (9), (10), 
(13), (14), (17), (18), (20), (21), and (23) in normal testes of 8-week-old mice were 
significantly higher than those of 2-week-old mice. It is also noted that mRNA 
expressions of 23 of identified 24 autoantigens except for (2) were more in TGC 
than in epididymal spermatozoa. Therefore, it is indicated that TGC-specific auto- 
antigens such as (1), (3), (6), (9), (10), (13), (14), (17), (18), (21), and (23) are rel- 
evant target autoantigens for EAO. In adult human testis, (3), (14), and (21) are 
detected on various-staged TGC, and (6), (13), and (17) are detected on not only 
various-staged TGC abut also Leydig cells (Uhlen et al. 2010, 2015). In contrast, 
both (10) Y box protein 2 and (23) heat shock protein 4-like are detected definitely 
on round spermatids and faintly on other immature TGC, implying that these two 
antigens are critical for EAO induction. 


4.2.1.7 Cytokines and Hormones in EAO 

Both IFN-gamma and TNF-alpha were detected from cultured spleen cells and 
lymph node cells in EAO-induced mice in vitro (Tokunaga et al. 2007). A significant 
stimulation of IL-5 and IL-6 (Th2 cytokines) production by sensitized spleen cells 
was detectable when the TGC from 3-week or older mice were used as stimulants 
(Soramoto et al. 1993). IL-2 and IFN-gamma (Th1 cytokines) production was 
detected by immunization with TGC from 4-week or older mice. From this evidence, 
it is suggested that both Th! and Th? cells are involved in the immunization process 
of this EAO model. No IL-4 production by TGC-immunized spleen cells was detect- 
able in C3H/He mice. The one reason for this result is that higher levels of IFN- 
gamma production may inhibit IL-4 production. For another reason, it is thought that 
levels of IL-4 production may be innately low in C3H/He compared with BALB/c 
mice. Actually, it has been shown that soon after Leishmania major infection, lym- 
phocytes from a resistant strain C3H/He mice secrete higher levels of IFN-gamma 
and no IL-4, whereas lymphocytes from a susceptible strain BALB/c mice secrete 
IL-4 but little IFN-gamma (Scott 1991; Coffman et al. 1991). Splenic production of 
both Thl- and Th2-related cytokines increased after the second but not the first 
immunization with TGC, indicating that secondary immune responses are critical for 
the EAO induction (Tokunaga et al. 2007). Furthermore, the production of Th1- 
related cytokines became predominant at the clinical stage of EAO. In particular, 
IFN-gamma, a Thl-producing cytokine, significantly increased after the second 
immunization with TGC, decreased temporally at the preclinical phase of the EAO, 
but increased again at the clinical phase. Similar kinetics of cytokine secretion were 
observed for both IL-3 and granulocyte-macrophage colony-stimulating factor, 
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which are produced by both Th! and Th? cells. The secretion of IL-2, another Th1- 
producing cytokines, gradually increased up to the clinical phase. IL-1, a DTH- 
related cytokine derived from macrophages, was also continuously produced after 
the second immunization. In contrast, IL-4, a Th2-producing cytokine, was not 
produced by the cultured spleen cells. Furthermore, the levels of other Th?2- 
producing cytokines such as IL-5 and IL-10 were temporally increased after the 
second immunization with TGC but decreased later. However, IL-6, another Th2- 
producing cytokine, was continuously produced after the second immunization 
(Tokunaga et al. 2007). 

Both IFN-gamma and TNF-alpha are representative cytokines of Th1 cells and 
exert local toxicity toward the seminiferous epithelium in vivo. For analyses of the 
tissue micro-circumstances of EAO, it is important to know about the cytokine 
expression in not only lymphoid organs but also the testes as target organs. Indeed, 
the intra-testicular mRNAs for both IFN-gamma and TNF-alpha significantly 
increased, while other cytokines such as IL-1-alpha, IL-1-beta, IL-6, and transform- 
ing growth factor-beta did not show significant changes in the TGC-immunized mice 
(Terayama et al. 201 1a). These results suggest that secretion of significant amounts 
of IFN-gamma and TNF-alpha in situ contributes to the spermatogenic disturbance. 
In other studies, local injection of IFN-gamma and TNF-alpha into normal testes was 
shown to induce cytotoxicity to the seminiferous epithelium in vivo (Mealy et al. 
1990; Natwar et al. 1995). This means that interference with spermatogenesis is 
inducible without specific cytotoxic T cells or specific autoantibodies (Fig. 4.4). 

Real-time RT-PCR analyses revealed that Fas mRNA expression significantly 
increased in EAO-affected testes compared with the control testes. In contrast, Fas 
ligand expression did not show significant changes between EAO-affected and con- 
trol testes (Kuerban et al. 2012). 

Additionally, the serum follicle-stimulating hormone and inhibin B levels on days 
60 and 120 were significantly high and low, respectively. In contrast, the serum lutein- 
izing hormone level was not significantly changed. It was also noted that testosterone 
level was significantly increased on day 35 when EAO was in development, indicating 
no or little damage to Leydig cells in EAO lesion (Tokunaga et al. 2007). 


4.2.1.8 Genetic Susceptibility of EAO 

Various strains of inbred mice respond differentially to EAO induction, indicating 
that susceptibility is genetically controlled. Among various different inbred strains 
including C3H/He, A/J, CS7BL/6, AKR, Balb/c, CBA, MRL/Ipr, and DBA/2, both 
C3H/He (H-2*) and A/J (H-2’) strains are most susceptible to this EAO (Tokunaga 
et al. 1993a, b). AKR, CBA, and MRL/Ipr mice, other H-2 k strains, are less suscep- 
tible to the disease induction than C3H/He (H-2*) mice. This finding suggests that a 
genetic susceptibility associated with gens outside the H-2 haplotype may contribute 
to the development of this EAO (Itoh et al. 1991a). C57BL/6 (H-2°), Balb/c (H-2‘), 
and DBA/2 (H-2% are also less susceptible. The highly susceptible C3H/He and A/J 
strains that received TGC immunization developed a significant increase in both lev- 
els of DTH and antibody responses against TGC. C57BL/6, Balb/c, and CBA strains 
were also positive for both DTH and antibody response. In contrast, AKR strain was 
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negative for both DTH and antibody response, and DBA and MRL/MpJ strains 
showed negative DTH and positive antibody response (Tokunaga et al. 1993a). In 
general, susceptibility to experimental organ-specific autoimmune diseases has been 
considered to be due to genetic differences in response to autoantigens or to adju- 
vants. Thus, in this EAO model, it is not necessary to take genes controlling com- 
plete Freund’s adjuvant (CFA) or Bordetella pertussis (BP)-induced inflammatory 
responses into consideration. In regard to the immunogenicity of TGC, it was found 
that TGC obtained from low susceptible and resistant mice both having H-2* haplo- 
type can also induce a high incidence of EAO in highly susceptible C3H/He mice 
(Tokunaga et al. 1993b). Therefore, it seems unlikely that TGC derived from the low 
susceptible or resistant strains are less immunogenic than those from the highly sus- 
ceptible strain. In other words, immune susceptibility for TGC injection but not auto- 
immunogenicity of the injected TGC is critical for EAO induction. 

The H-2 identical background disparate (highly susceptible x low susceptible)F1 
hybrids, (C3H/He x C3H/HeJ)F1 and (C3H/HeJ x C3H/He) F1 mice, were highly 
susceptible to the induction of EAO, indicating that susceptibility equivalent to that 
of the highly susceptible parents was inherited as a dominant autosomal trait. 
However, the H-2 identical background disparate (highly susceptible x resistant)F1 
hybrids, (C3H/He x C3H/HeBikKi)F1 and (C3H/HeBiki x C3H/He) F1 mice, were 
low susceptible to the induction of EAO. In this case, the genes controlling the unre- 
sponsiveness of C3H/BiKi mice or complementation of gens may have an effect on 
the susceptibility to EAO in these F1 bidirectional hybrids. Both H-2 and background 
disparate (highly susceptible x resistant)F1 hybrids, the (C3H/He x DBA/2)F1 and 
(DBA/2 x C3H/He)F1 mice, were equally resistant to EAO induction. This indicates 
that the resistance of DBA/2 mice can be inherited as a dominant autosomal trait 
effectively negating the EAO susceptibility of C3H/He mice, which is an exception 
to the general rule: for most of genetically controlled antigens, high responsiveness 
to the antigen is dominantly inherited. In the susceptible hybrids, both DTH and 
antibody responses to TGC increased. On the other hand, in the resistant hybrids, the 
levels of anti-TGC antibodies were elevated; however, the DTH to TGC remains 
depressed. This suggests that the antibody production and induction of DTH may be 
under different genetic controls and that cellular rather than humoral immunity plays 
an important role in this EAO induction (Tokunaga et al. 1993a, b). 

In order to search for the basis for low susceptible C3H/HeJ and resistant C3H/ 
BiKi mice, these mice received EAO-inducible spleen cells from C3H/He mice. 
C3H/HeJ recipient mice became highly susceptible to passive EAO. In contrast, dis- 
ease-resistant C3 H/HeBiki recipient mice failed to develop passive EAO. Furthermore, 
a study was examined whether or not Treg capable of preventing EAO induction 
were generated in low susceptible C3H/HeJ and resistant C3H/BiKi mice immu- 
nized with TGC (Tokunaga et al. 1993b). The results showed that transfer of spleen 
cells from TGC-immunized C3H/HeJ and C3/HeBiki mice into C3H/He mice 
before the EAO challenge had no suppressive effect on subsequent disease induction. 
This means that Treg might be not involved in the low susceptibility of C3H/HeJ and 
C3H/HeBiki mice. Some mechanisms other than Treg must be considered. It is 
known that C3H/HeJ mice are unresponsive to lipopolysaccharide and behave as low 
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responders with respect to lipopolysaccharide-induced autoimmune reactivity 
(Bloembergen et al. 1988). In addition, C3H/HeJ mice display an ill-defined comple- 
ment defect (Hoffmann 1978). Whether there exists a relation among the unrespon- 
siveness to LPS, complement defect and resistance to EAO are unclear. There may 
be another possibility of unknown background (non-H-2) locus controlling resis- 
tance to EAO. 


4.2.1.9 Regulation of EAO 

TGC-induced EAO can be inhibited by intravenous administration with soluble tes- 
ticular antigens (Mukasa et al. 1992). This suppression model was made by repeated 
intravenous injections with the tolerogenic form of testicular antigens before subcu- 
taneous injections with TGC on days 0 and 14 for EAO induction. The testicular 
antigens were prepared by acid extraction and ammonium sulfate precipitation of 
defatted testes and epididymides. In the soluble testicular antigen-pretreated mice, 
the development of EAO and relevant DTH was suppressed in an antigen-specific 
fashion, but anti-TGC antibody formation was not affected after EAO challenge. 
This indicates that the soluble testicular antigen-induced suppression is exclusively 
directed against the cellular immunity but not against the humoral one. Also, the 
DTH reaction to sheep red blood cells, another antigen unrelated to testicular anti- 
gens, was unaffected by intravenous pretreatment of mice with the soluble testicular 
antigens, showing the suppression of cellular immunity in an antigen-specific man- 
ner. A single dose of cyclophosphamide at 2 days after the intravenous administra- 
tion of the testicular antigens abrogated the unresponsiveness to EAO. CD8* T cells 
isolated from the spleen of mice that had been intravenously pretreated with the 
soluble testicular antigens could adoptively transfer suppression against EAO into 
naive recipients, whereas CD4* T cells failed to transfer the suppression. 

Later, CD8* TCR alpha-beta + line of Treg was generated from the spleen cells 
of C3H/He mice which had received three intravenous injections of the soluble 
testicular antigens, followed by in vitro repeated selection of these spleen cells by 
stimulation with the soluble testicular antigens (Mukasa et al. 1994). Transfer of the 
lined CD8* Treg into naive animals 2 days before subcutaneous injections with 
TGC on days 0 and 14 for EAO induction resulted in an apparent reduction in both 
the incidence and severity of disease on day 40. In contrast, there was no downregu- 
lation of the disease when the lined Treg were transferred on the other days such as 
day 14 or day 21. These data suggest that the lined cells acted as regulatory cells on 
the inductive phase (afferent limb) of testicular autoimmune responses. The trans- 
ferred lined CD8* Treg significantly inhibited the DTH to TGC in the recipients in 
an antigen-specific manner, but these cells had no inhibitory effect on the humoral 
immune response to TGC. This line could also inhibit in vitro TGC-driven prolif- 
eration of orchitogenic lymphocytes. 

There is another model for the suppression of TGC-induced EAO by lined CD4* 
Treg (Itoh et al. 1992b). The lined CD4* Treg were derived from C3/He mice that 
were injected with 1 x 10’ TGC subcutaneously ten times at 2-week intervals. When 
the lined cells were transferred immediately before the first injection of TGC on day 
0, there was no suppression of EAO in recipient mice. However, the activated Treg, 
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when transferred on day 21 (just before the onset of EAO), interfered with the ongo- 
ing anti-TGC immunity of both DTH and antibody responses and suppressed EAO 
induction, indicating that this cell line could downregulate the efferent limb of tes- 
ticular autoimmune response. Antibody response against sheep red blood cells was 
not significantly affected by the transfer of lined CD4* Treg, suggesting the achieve- 
ment of antigen-specific downregulation by the cell line. In contrast to the CD8* 
Treg described above, the CD4* Treg suppressed both the cellular and humoral 
responses to TGC in TGC-specific manner (Itoh et al. 1992b). 

Taken together, both the CD4* Treg and the CD8* Treg may be important regula- 
tory elements governing the suppression of EAO in mice (Fig. 4.1), and there must be 
different suppressive mechanisms between the CD4* Treg and the CD8* Treg. Under 
normal conditions, many TGC undergo cell death in the seminiferous tubules, fol- 
lowed by latent leakage of TGC autoantigens for a possible stimulation of antigen- 
specific Treg (Fig. 4.7). On the other hand, TGC injected outside the testis augment 
antigen-specific effector CD4* T cells (Th! and Th2 cells) and may overwhelm the 
Treg (Fig. 4.7). It is yet unknown whether these Treg suppress the CD4* effector T 
cells directly or indirectly in association with a regulatory network or circuit. 
Moreover, it will be needed to determine whether the suppression of EAO is operated 
by contact-mediated suppression or suppression mediated by some diffusible factors. 


4.2.1.10 Modulation of EAO by Vasectomy 

Mice receiving sham-vasectomy and the following TGC immunization on days 0 
and 14 had EAO with no epididymitis. In sharp contrast, no EAO was found in the 
testes of any mice receiving vasectomy and the following TGC immunization. 


4.2 Various EAO Models by Immunization with Testicular Antigens Alone 111 


Instead, caput epididymitis involving infiltration of CD4* T cells, CD8* T cells, B 
cells, and macrophages was induced in them with striking elevation of the epididy- 
mal tissue levels of both IL-6 and IL-10 mRNA (Qu et al. 2008). Therefore, vasec- 
tomy suppressed EAO and alternatively induced caput epididymitis (Fig. 4.5). 
Furthermore, serum autoantibodies induced by sham-vasectomy and the following 
TGC immunization were reactive with both round (immature) and elongating 
(mature) spermatids; however, those induced by vasectomy and the following TGC 
immunization were more specific to elongating spermatids and spermatozoa. This 
indicates that vasectomy may induce the immune mode by which autoreactive lym- 
phocytes gain access to TGC autoantigens in the epididymides, leading to autoim- 
mune responses against the autoantigens of mature rather than immature spermatids 
(Qu et al. 2008). 

Mice receiving vasectomy alone exhibited no significant inflammatory cell 
response in either the testis or epididymides. However, some studies revealed the 
induction of humoral and cell-mediated autoimmune responses directed against 
sperm antigens after vasectomy (Ansbacher 1973; Alexander and Tung 1977; Herr 
et al. 1987; Nashan et al. 1990; Flickinger et al. 1994, 1995, 1996). It has been 
reported that the ducts of caput epididymis are the sited of absorption of various 
materials leaving the testis (Hamilton 1980). Therefore, vasectomy may allow the 
epididymal ducts to absorb testis-secreting materials including autoantigens of 
mature spermatids more strongly with the resultant leakage or excretion of signifi- 
cant amounts of absorbed autoantigens to the outside of the ducts. Actually, Johnson 
and Howards (1975) reported the leakage of epididymal spermatozoa from the ducts 
of the caput epididymis after vasectomy in hamsters. It has been demonstrated that 
autoreactive lymphocytes could preferentially gain access to the tubuli recti and the 
rete testis where BTB is incomplete. (Dym and Fawcett 1970; Aoki and Fawcett 
1975; Itoh et al. 1995c, 1998a). However, vasectomy may increase the hydrostatic 
pressure in the epididymal ducts rather than the tubuli recti and the rete testis, result- 
ing in possible leakage of more germ cell autoantigens into the epididymal intersti- 
tium. There may be another possibility that blood flow or lymphatic drainage in the 
testis and epididymis is changed by vasectomy, because some blood and lymph cap- 
illaries leave testis from its inferior portion and then run along the vas deferens (Itoh 
et al. 1998b). It was also found that the levels of IFN-gamma, IL-6, and IL-10 in the 
epididymides strikingly increased with vasectomy alone (Qu et al. 2008). 

Antisera obtained from mice with EAO lesions specifically defined testicular anti- 
gens with molecular weights of 15, 40, 75, and >200 kDa from 4 weeks of age, but 
the antisera obtained from vasectomized mice with autoimmune epididymitis 
strongly defined both testicular and epididymal antigens of 25 KDa from 5 to 8 weeks 
of ages, respectively. In mice with EAO, immune reactivity with at least nine bands 
of testicular autoantigens were detected by Western blotting, while only four bands 
of testicular autoantigens were clearly defined for autoimmune epididymitis in mice 
receiving vasectomy + TGC immunization. On the contrary, the epididymal autoan- 
tigens were similarly detected by antisera between mice with EAO and mice autoim- 
mune epididymitis (Qu et al. 2008, 2010). Immunohistochemical analysis showed 
that the autoantigens relevant to EAO appeared from 3 weeks of age, while those 
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relevant to autoimmune epididymitis appeared from 4 weeks of age. It suggests that 
vasectomy changes the target autoantigens in TGC-induced autoimmunity. In anti- 
sera of autoimmune epididymitis, it is noted that 25 kDa testicular antigens were 
definitely detected. Moreover, 25 kDa epididymal antigens were only detected in 
autoimmune epididymitis but not EAO. Therefore, the 25 kDa antigens in both the 
testes and epididymides may be a key autoantigen relevant to the pathophysiology of 
autoimmune epididymitis. The persistence of 25 kDa antigen-bearing germ cells in 
the epididymal ducts is prolonged after vasectomy, and some of the antigens may 
then leak outside of the ducts, resulting in autoimmune epididymitis rather than 
EAO. However, the localization of 25 kDa antigen has not yet been determined. 

Although it remains unclear why testicular inflammation does not occur on TGC 
immunization after vasectomy, significant lymphocytic inflammation was induced 
in the initial segment of the epididymis instead of EAO, suggesting that the initial 
segment is an immunological fragile site, as is the tubuli recti. It may be that TGC 
autoantigens are mainly absorbed at the tubuli recti under physiological conditions; 
however, in vasectomized mice, the initial segment of the epididymis rather than the 
tubuli recti is the site where more TGC autoantigens drain into the blood capillaries 
to some degree (Hirai et al. 2010). 


4.2.1.11 Modulation of EAO by Exogenously Administered 
Immune-Related Agents 
Three different phases of EAO induction can be identified: the preclinical phase 
(until day 20 after the start of TGC immunization), the disease onset phase (from day 
20 to day 25), and the disease developing phase (from day 25) (Itoh et al. 1995a). 
To evaluate the role of endogenous IFN-gamma, mice immunized with TGC on 
days 0 and 14 received a single injection of anti-murine IFN-gamma monoclonal 
antibodies on day 15, 20, or 25. The results showed that the monoclonal antibody 
treatment on day 20 significantly suppressed both EAO and relevant DTH, while the 
treatment on day 15 or 25 did not influence them. Therefore, the EAO was pre- 
vented by eliminating the action of Thl cytokine IFN-gamma with neutralizing 
monoclonal antibody, provided that the treatment is given at an optimal point during 
disease development. This also suggests that the critical immune reaction for this 
EAO is Th1 cytokine dependent (Itoh et al. 1998c). Maj et al. (201 1a) reported that 
17 beta-estradiol and IFN-tau, a type I interferon, interact in regulation of the 
immune response in EAO. The DTH against TGC was intensified after the admin- 
istration of either IFN-tau or 17 beta-estradiol, but their co-administration had no 
effect. In regard to humoral immunity against TGC, the administration of IFN-tau 
increased IgG2a and decreased IgG1 levels of anti- TGC autoantibodies, whereas 17 
beta-estradiol treatments abolished the augmenting effects exerted by the IFN-tau. 
Knowing that the production and action of Th! pro-inflammatory cytokines, 
including IFN-gamma, IL-2, and TNF, are often antagonized by type 2 cytokines, 
for example, IL-4, IL-5, IL-6, and IL-10, it is conceivable that an altered balance 
between these two cytokine subsets with relatively upregulated production or 
functions of Th! cytokines favors development of EAO. On the contrary, Th2 
cytokines may inhibit EAO. Actually, administration of recombinant IL-6 
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significantly reduced histological signs of EAO and appearance of DTH against 
TGC (Li et al. 2002). The inhibitory effect was seen even though the cytokine was 
administered for only 6 consecutive days from day 15 to day 20 during the pre- 
clinical phase. Since DTH to TGC were significantly reduced in mice that had 
received IL-6, IL-6 directly acts on T cells and macrophages or it acts by dimin- 
ishing the production of Th1 cytokines such as IFN-gamma or TNF, which pro- 
mote DTH responses. 

In other experiments, exogenously administered recombinant murine IL-10, a 
well-known anti-inflammatory cytokine, paradoxically augmented severity of EAO 
when the mice had been administered for 6 consecutive days from days 15 to 20 
after primary immunizations with TGC (Kaneko et al. 2003). It indicates that IL-10 
with anti-inflammatory property also has pro-inflammatory functions capable of 
upregulating EAO processes in vivo. The precise mechanism by which IL-10 treat- 
ment advances EAO severity is not clear. IL-10, however, is known to induce cell 
adhesion molecules on endothelial cells in a manner similar to IL-1 beta and TNF- 
alpha (Vora et al. 1996), and this may have contributed to the orchitogenic response 
by favoring migration of inflammatory cells into the testicular parenchyma. The 
capacity of IL-10 to induce proliferation of CD8* T cell and augment the cytotoxic 
potency of CD8* T cells and NK cells (Hill and Sarvertnick 2002), especially in 
combination with other cytokines, may have contributed as well. It is also possible 
that the B cell stimulatory activity of IL-10 contributes to the exacerbation of 
EAO. Therefore, IL-10 may be a highly pleiotropic cytokine (Michell et al. 2004; 
Mannino et al. 2015). 

Deoxyspergualin is one of the active metabolites of spergualin, an antibiotic 
originally obtained from culture filtrates from a strain of Bacillus laterosporus, and 
functions as an immunosuppressant (Schubert et al. 1987; Thomas et al. 1995). 
Both in vitro and ex vivo studies have shown that deoxyspergualin may suppress the 
production of IFN-gamma (Nicoletti et al. 1992, 1993, 1994, 1996). On the other 
hand, it was reported that reverse transcriptase-polymerase chain reaction showed 
that mRNA expressions of IL-3, IL-4, IL-5, IL-6, IFN-gamma, and stem cell factor 
were higher in deoxyspergualin-treated spleen cells than in control spleen cells 
(Zhu et al. 1994). In TGC-induced EAO model, the daily treatment with the immu- 
nosuppressant deoxyspergualin during days 15-20 effectively reduced both the 
incidence and severity of EAO lesions in a clearly dose-dependent fashion (Ablake 
et al. 2002). The deoxyspergualin also significantly reduced the degree of DTH 
against TGC. Considering that cyclosporine A is known to be toxic to TGC and 
Leydig cells (Seethalakshmi et al. 1987, 1990; Masuda et al. 2003), additional stud- 
ies are required to demonstrate a lack of toxicity of TGC viability and function by 
deoxyspergualin. 


4.2.1.12 Modulation of EAO by Environmental Chemicals 

and Pharmaceuticals 
Epidemiological studies have shown that autoimmune diseases gradually increase 
with time (Hess 2002). This raises the question of whether pollutants have some adju- 
vant effect on the immune system without any antigenic specificity (Bigazzi 1994). 
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Cadmium, one of various environmental toxicants, is known to suppress sys- 
temic immunity and injure the testicular capillary endothelia with resultant necrosis 
of testicular tissues in mice and rats treated with high doses. It also became evident 
that cadmium can affect the integrity of the BTB, the endocrine function of Leydig 
cells, apoptosis of TGC, and systemic immunity, even on treatment with a low dose 
that does not induce the spermatogenic disturbance (Ogawa et al. 2012). With 
regard to the immune system, cadmium at low doses increased nonspecific antibody 
production, granulocyte function, and blood plasma levels of TNF-a and IL-6. In 
A/J mice, exposure to 3 mg cadmium/kg body weight did not affect the spermato- 
genic state. However, the BTB at the tubuli recti and the rete testis, but not the semi- 
niferous tubules, was slightly weakened, and intra-testicular mRNA expressions of 
IL-6, TNF-alpha, and IL-1 beta were significantly increased by the cadmium treat- 
ment. Furthermore, immunization with TGC after the cadmium exposure signifi- 
cantly augmented the EAO severity (Ogawa et al. 2012). Cadmium at low doses 
may cause the release of cytokines that act on a variety of cells in terms of pro- 
inflammatory reaction. Therefore, exposure to a low dose of cadmium induces no 
significant disturbance of spermatogenesis; however, it does change the immuno- 
logical micro-circumstances in the testis, resulting in increased susceptibility to 
TGC-induced EAO induction. 

Di-(2-Ethylhexyl) phthalate has been used as a plastic plasticized for synthetic 
polymers and well-known toxicant as an endocrine disruptor. Exposure to di-(2- 
ethylhexyl) phthalate of high doses has been reported to induce the spermatogenic 
disturbance through oxidant stress and affect the immune system as an adjuvant. 
After exposure to doses of di-(2-ethylhexyl) phthalate of low doses in mice by giv- 
ing daily food containing 0.01% or 0.1% di-(2-ethylhexyl) phthalate, significant 
spermatogenic disturbance was not induced; however, lymphocytes and macro- 
phages significantly increased in number with the elevation of IL-10 and IFN- 
gamma mRNA expressions in the testes at 8 weeks (Kitaoka et al. 2013). 
Histochemical analyses involving horseradish peroxidase as a tracer showed that 
blood-borne horseradish peroxidase had faintly infiltrated into the lumen of a few 
seminiferous tubules beyond the BTB at 8 weeks. Furthermore, similar to the results 
using cadmium, exposure of di-(2-ethylhexyl) phthalate of low doses significantly 
increased a susceptibility to TGC-induced EAO (Hirai et al. 2015). 

Tamoxifen is used to treat some types of breast cancer in men and women. It 
blocks the actions of estrogen and is also used for therapy in male infertility (AinMelk 
et al. 1987; Adamopoulos et al. 2003; Moein et al. 2012). Maj et al. (201 1b) studied 
the antiestrogen effects of tamoxifen on estrogen receptor alpha level in immune 
cells and humoral specific response after immunization with TGC. The results 
showed that levels of estrogen receptor increased in various immune cells of TGC- 
immunized mice, and administration of tamoxifen decreased the level of their estro- 
gen receptors. However, irrespective of tamoxifen treatment, the humoral response 
against TGC was similar between tamoxifen-treated and tamoxifen-untreated mice, 
suggesting that modulation of the level of estrogen receptor in immune cells is not 
directly related to specific autoantibody production. 
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4.2.2 EAO Induced by Immunization with Allogeneic TGC Alone 


Susceptibility to EAO induction is variable among strains of inbred mice. However, 
the allogeneic TGC obtained from EAO low susceptible and resistant donor strains 
could also induce a high incidence of EAO by the twice immunization with the 
1 x 10’ TGC in highly susceptible mice (Tokunaga et al. 1993a, b). Therefore, auto- 
immunogenic TGC antigens for EAO induction are not specific to the susceptible 
strains such as C3H/He and A/J, and TGC of EAO-resistant mice have definite 
EAO-inducing autoantigens. It indicates that differences of genetic background of 
TGC-immunized mice, but not immunogenicity of TGC autoantigens of donors, are 
critical for EAO induction. 


4.2.3 EAO Induced by Immunization with Xenogeneic TGC 
Alone 


Previously, it was reported that DTH against allogeneic or xenogeneic TGC was 
elicited in mice immunized with syngeneic TGC (Yoshida et al. 1979). In guinea 
pigs that had been immunized with syngeneic, rat, and murine TGC, cross- 
reactivity was observed among TGC of the guinea pig, rat, or mouse at the levels 
of immunization with TGC and the DTH elicitation with TGC (Yoshida et al. 
1981). Most recently, it was found that twice immunizations with rat TGC can 
induce murine EAO with no use of adjuvants (Qu et al. 2017). However, the immu- 
nization with guinea pig TGC failed to induce EAO in mice. It indicates that TGC 
autoantigens critical for EAO induction are not species specific. Interspecies com- 
mon TGC antigens between the mouse and the rat should be important for EAO 
induction, but those between the mouse and the guinea pigs is not so. The DTH 
against to murine TGC was significantly elevated in mice immunized with murine 
or rat but not guinea pig TGC. Serum autoantibody to murine TGC determined by 
enzyme-linked immunosorbent assay was also significantly elevated in the same 
manner as the results of DTH. However, on reactions of immune sera with normal 
frozen sections of murine seminiferous tubules, autoantibodies were immunohisto- 
chemically detected in sera of mice immunized with TGC of all three animal spe- 
cies (Qu etal. 2017). In mice immunized with murine TGC, the serum autoantibodies 
preferentially reacted with immature spermatids. In contrast, in mice immunized 
with rat TGC, serum autoantibodies reacted with various typed TGC. On the other 
hand, in mice immunized with guinea pig TGC, the serum autoantibodies specifi- 
cally reacted with the crescent-shaped acrosomes of mature spermatids and sper- 
matozoa. This indicates that interspecies common antigens of immature rather than 
mature TGC is important for the EAO induction. By 2D gel electrophoresis, 
molecular masses around 55 and 70 kDa of murine TGC proteins were definitely 
detected with sera of mice immunized with murine or rat but not guinea pig 
TGC. The more detailed identification of common TGC antigens between the 
mouse and the rat will be needed in future. 
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4.2.4 EAO Induced by Repeated Intracutaneous Injections 
of Testicular Homogenate Alone 


When the testicular homogenate is frequently injected over a long period of time 
without adjuvant, severe disturbance of spermatogenesis with little lymphocytic 
infiltration was found in guinea pigs (Bishop 1961). The significant lesions were 
induced after 100 days in guinea pigs which had received 40-95 injections of tes- 
ticular homogenate at rate of 3 or 6 times per week. 


4.2.5 EAO Induced by Abdominal Placement of Donor Testes 


It was found that only one placement of a syngeneic donor testis connected with epi- 
didymis and vas deferens into the abdominal cavity or subcutaneous space was suffi- 
cient to induce EAO on the recipient mice with no use of any adjuvants (Terayama 
et al. 2011b). However, even with this protocol, the placement of a syngeneic tes- 
tis + epididymis + vas deferens obtained from donor mice induced only orchitis with- 
out epididymo-vasitis. The serum autoantibodies were reactive with haploid germ cells 
existing throughout the testis, the epididymis, and the vas deferens. The phenomenon 
that reproductive organs other than the testes were free from autoimmune inflammation 
seems to be against the conventional idea that “the testis is an immune-privileged site.” 
On the other hand, both epididymis and vas deferens appear resistant to inflammatory 
cell responses in spite of the placement of donor testis + epididymis + vas deferens. It 
is also noted that intraperitoneal placement of these organs rather than subcutaneous 
placement of them is effective in inducing severe EAO in the recipients. 
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Testicular Autoimmunity 

by the Systemic Treatment 

with Immuno-Potentiating Agents 
in Experimental Animals 


5.1 Introduction 

Experimental autoimmune orchitis (EAO) can be induced by testicular antigens’ 
immunization with simultaneous treatments with adjuvants such as complete Freund’s 
adjuvant (CFA), Bordetella pertussis antigens (BP), other microbial agents, and some 


immune-stimulating chemical (Fig. 5.1). These immuno-potentiating agents may eas- 
ily overcome the testicular immune privilege systemically and/or locally. 
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Fig. 5.1 Immuno-potentiating agents for stimulation of testicular inflammation. CFA complete 
Freund’s adjuvant. BP Bordetella pertussigens 
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5.2 Various EAO Models with the Aid 
of Immunopotentiators 


5.2.1 EAO Induced by Treatment with Cyclophosphamide 
and the Following Immunization with TGC 


Cyclophosphamide is an anticancer chemotherapy drug, which is classified as an 
alkylating agent. It has been used for therapy of Hodgkin’s and non-Hodgkin’s lym- 
phoma, Burkitt lymphoma, chronic lymphocytic leukemia, chronic myelocytic leu- 
kemia, acute myelocytic leukemia, acute lymphocytic leukemia, T cell lymphoma 
(mycosis fungoides), and multiple myeloma. Its common side effect is low blood 
counts with increased risk for infection, anemia, and bleeding. Moreover, cyclophos- 
phamide is also known to be toxic to male reproductive organs (Rezvangfar et al. 
2008; Drumond et al. 2011). On the other hand, it appears that cyclophosphamide 
can eliminate CD4*CD25*Foxp3* Treg in experimental and clinical medicine 
(Yoshida et al. 1979; Brode et al. 2006; Audia et al. 2007; Cao et al. 2010) (Fig. 5.1). 
Indeed, cyclophosphamide-treated mice that received a single subcutaneous injec- 
tion with TGC 2 days later developed EAO, whereas no such lesions were seen in 
TGC-immunized but cyclophosphamide-untreated mice (Sakamoto et al. 1985). 
Significant DTH against TGC and anti-TGC antibodies in sera were detected in 
EAO-affected mice. It is suggested that the mechanism that facilitated the EAO 
induction might be attributable to the elimination of endogenous cyclophosphamide- 
sensitive Treg (Sakamoto and Nomoto 1986). In mice that received cyclophospha- 
mide on day 0 and TGC immunization on day 2, anti- TGC DTH is thought to play a 
key role in the induction of EAO. Actually, DTH against TGC was mildly induced by 
only one immunization with viable syngeneic TGC and was significantly augmented 
by cyclophosphamide pretreatment, and, furthermore, the DTH was suppressed by 
administration of cyclosporine A in a dose-dependent manner in mice that were 
cyclophosphamide pretreated and then immunized with TGC (Sakamoto et al. 1994). 
However, anti- TGC DTH was rather enhanced significantly in mice pretreated with 
cyclosporine A alone without any TGC immunization. Therefore, even though 
administration of cyclosporine A suppressed the specific DTH in TGC-immunized 
mice, administration of cyclosporine A alone rather eliminates some suppressive 
mechanism resulting in augmentation of anti-TGC DTH. 


5.2.2 EAO Induced by Immunization with Testicular Antigens 
or Homogenate Emulsified in Complete Freund’s 
Adjuvant (CFA) 


CFA is most commonly used adjuvant in experimental research (Fig. 5.1). It is pre- 
pared from non-metabolizable oil containing killed Mycobacterium tuberculosis 
and designed to provide continuous release of antigens necessary for stimulating a 
strong, persistent immune response. CFA-induced peripheral inflammation evokes 
pro-inflammatory cytokines such as IL-1-beta, IL-6 TNF-alpha, and IFN-gamma 
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(Lapchak et al. 1992; Chuang et al. 1997; Raghavendra et al. 2004). The mycobac- 
terial components in CFA activate CD4* T cells and signal them to assume a Th1 
profile so that strong DTH against autoantigens develops (Billiau and Matthys 
2001). On the other hand, immune effector cells induced by CFA exert an inhibitory 
effect on antigen-specific Th2 responses (Chuang et al. 1997). 

Eyquem and Krieg (1965) produced bilateral EAO by injecting a small amount 
of CFA alone into the left testis in rats, guinea pigs, and monkeys. In left testes, 
infiltration of mononuclear cells, resorption of the inoculated product in the granu- 
lomata, spermatogenic disturbance, and exudation of fibrinoid products were 
induced. On the other hand, in the right testes, the spermatogenic disturbance was 
seen, but there was no inflammatory cell response and granulomata, implying the 
induction of sympathetic lesion. 

Freund et al. (1953) discovered that subcutaneous injection of homologous tes- 
ticular homogenate emulsified in CFA into guinea pigs is followed by inflammatory 
lesions of the testes and, finally, by the spermatogenic disturbance. It is generally 
assumed that CFA acts by prolonging the lifetime of injected autoantigen, by stimu- 
lating its effective delivery to the immune system, and by providing a complex set of 
signals to the innate compartment of the immune system, resulting in altered leuko- 
cyte proliferation and differentiation (Tung et al. 1971c; Billiau and Matthys 2001). 
Early events include rapid uptake of adjuvant components by macrophages and den- 
dritic cells, enhanced phagocytosis, secretion of cytokines by mononuclear phago- 
cytes, and transient activation and proliferation of CD4* T cells. The mycobacterial 
component in CFA also remodels the hemopoietic system, leading to a drastic expan- 
sion of Mac-1* immature myeloid cells. The effects of CFA cause the so-called ASIA 
(autoimmune/autoinflammatory syndrome induced by adjuvants), in which the 
injection of CFA accelerates various autoimmune manifestations (Bassi et al. 2012). 

Studies on this EAO induced by testicular homogenate+CFA-immunization had 
been carried out using the guinea pigs because of the ease of disease induction in this 
species (Freund et al. 1953, Tung et al. 197 1a, b, 1977; Hojo et al. 1980). Katsh (1964) 
found that testes from prepubertal guinea pigs failed to induce EAO lesions when 
incorporated in CFA, indicating that mature rather than immature TGC autoantigens is 
critical for EAO induction. In EAO-induced rats, both DTH and autoantibodies against 
testicular antigens were detected at different times with maximum levels at 50 days 
with significant decrease in CD8* T cells (Doncel et al. 1991; Doncel and Lustig 1991). 
Typical EAO was successfully transferred to naive recipients with peritoneal exudate 
and lymph node cells from male and female donor guinea pigs preciously immunized 
with testicular antigenst+CFA (Carlo et al. 1976). However, attempts to transfer EAO 
with circulating antibody from the immunized animals were not successful, supporting 
a cell-mediated basis for the immunologic events in EAO (Carlo et al. 1976). An 
important role of DTH to testicular antigen in both the induction and suppression of 
EAO has been also described (Tung et al. 1977; Hojo et al. 1980). 

Bernard et al. (1975) found that immunization with homogenate of testicular 
antigens+CFA+saline induces EAO, while that with homogenate of testicular 
antigens+CFA+normal human serum failed to induce EAO, although the inhibitory 
components of normal serum have not yet been identified. They demonstrated that 
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the capacity of antigen P purified from guinea pigs’ spermatozoa to produce lesions 
of EAO could be inhibited by mixing antigen P with a small amount of normal 
human serum before immunization of animals. Characteristics of the serum inhibi- 
tory factors remain unsolved. 

Chutna and Rychlikova (1964) reported that guinea pigs pretreated with testis 
antigens in incomplete Freund’s adjuvant (non-metabolizable oils without killed 
Mycobacterium tuberculosis) were unresponsive to the sensitization for EAO. In the 
absence of Mycobacterium tuberculosis, T cell differentiation tends to assume a 
Th2 profile with strong antibody production only (Billiau and Matthys 2001). Later, 
Hojo and Hiramine (1982) and Hiramine and Hojo (1984a) investigated “antigen- 
specific” suppression of EAO in guinea pigs in a model made by subcutaneous 
injections with testicular antigens in incomplete Freund’s adjuvant prior to EAO 
sensitization with testicular antigens in CFA. This suppressive state for EAO induc- 
tion was adoptively transferable to normal syngeneic recipients with lymph node T 
cells taken from animals pretreated with testicular antigens+incomplete Freund’s 
adjuvant, indicating the presence of specific Treg. The Treg suppressed DTH reac- 
tion to testicular antigens, but not anti-sperm antibody production in their recipi- 
ents. Cyclophosphamide treatment 3 days before EAO sensitization abolished the 
preventive effect of pretreatment with testicular antigens+incomplete Freund’s 
adjuvant. In another study, it was demonstrated that cyclosporine A administration 
for 2 weeks, starting on the day of testicular antigens+CFA-immunization, almost 
completely abrogated the EAO induction, DTH to testicular antigens, and also anti- 
sperm antibody response in guinea pigs (Hojo and Hiramine 1985). Transfer of 
lymphocytes taken from cyclosporine A-treated, EAO-suppressed guinea pigs into 
normal syngeneic recipients inhibited the EAO induction in an antigen-specific 
manner, indicating the induction of specific Treg by cyclosporine A. However, as far 
as guinea pig EAO is employed, it is impossible to describe in detail the suppression 
mechanism, such as the phenotype of Treg and related cytokines. 

In the rat, EAO is also inducible by immunization with Sertoli cells+CFA (Tung 
and Fritz 1987), by immunization with basal lamina of the seminiferous tubules+CFA 
(Denduchis et al. 1975, 1979; Lustig et al. 1977, 1982, 1986), and by immunization 
with pachytene spermatocytes+CFA (Tung and Fritz 1987) (Fig. 5.2). This indicates 
that testicular cells other than spermatids and spermatozoa have a potential to induce 
EAO with the aid of CFA. It is also noted that male rats treated with CFA alone have 
reduced serum testosterone and elevated serum luteinizing hormone concentrations, 
showing the induction of testicular dysfunction (Clemens and Bruot 1989) (Fig. 5.3). 

In the mouse, thymectomy in adult life prevented EAO induction or interfered 
with further development of established EAO (Vojtiskova and Pokorna 1964). On 
the contrary, neonatal thymectomy further enhanced severity of EAO by subsequent 
immunization with testicular antigens+CFA in the rat (Lipscomb et al. 1979). These 
two studies suggest an involvement of the thymus for both induction and suppres- 
sion of EAO. In general, mice have been considered relatively resistant to testicular 
antigens+CFA-induced EAO in comparison with guinea pigs, but Feng et al. (1990) 
developed a protocol for transferring EAO to naive recipient mice in this disease 
model. In that study, cell donors were balb/c mice immunized 12 days earlier with 
epididymal spermatozoat+CFA-+bovine serum albumin (Figs. 5.1 and 5.2). As few 
as 3 x 10° sperm-specific T lymphocytes obtained from the immunized mice were 
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Fig. 5.3 Effects of adjuvants on the testis. BTB, blood-testis barrier. D, tubuli recti. TGC, testicu- 
lar germ cells 


able to transfer EAO. Later, Li et al. (2014) aimed to determine the role of Axl and 
Mer receptor tyrosine kinases in maintaining the systemic tolerance to TGC anti- 
gens. Axl and Mer double knockout (Axl-“"Mer~’-) mice developed severe EAO 
after a single immunization with TGC homogenates+CFA. This immunization pro- 
tocol also induced mild EAO in Axl or Mer single-gene knockout mice. By contrast, 
the TGC homogenate+CFA-immunization failed to induce EAO in wild-type mice. 
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These results indicate that Axl and Mer receptors cooperatively regulate the sys- 
temic immune tolerance to TGC antigens. More recently, the roles of TLR2 and 
TLR4 in mediating the EAO induction were investigated in mice (Liu et al. 2015). 
Wild-type mice developed severe EAO after three immunizations with TGC 
antigens+CFA; however, TLR2- or TLR4-deficient mice showed relatively low sus- 
ceptibility to EAO induction. It was demonstrated that TLR2 was crucial in mediat- 
ing autoantibody production in response to the immunization. Notably, TLR2 and 
TLR4 double knockout mice were almost completely protected from EAO induc- 
tion, implying that TLR2 and TLR4 cooperatively mediate EAO induction. However, 
it remains unclear whether TLR2 and TLR4 affect EAO induction locally in the 
testis or through systemic immunity. 

Significant spermatogenic disturbance and appearance of anti-TGC autoantibod- 
ies were also observed in mice and guinea pigs after syngeneic, allogeneic, and xeno- 
geneic immunization with mouse F9 embryonic carcinoma cells+CFA (Vojtiskova 
et al. 1983) (Fig. 5.2). This indicates that common cancer antigens between mice and 
guinea pigs may play a critical role for EAO induction in the both species. 

Although immune T cells are most importantly required for EAO induction, 
Hiramine and Hojo (1984b) elucidated the participation of B cells in the local trans- 
fer system of EAO in the guinea pig. Proliferative response of EAO-inducing (orchi- 
togenic) T cells was enhanced by the presence of B cells as well as macrophages 
(Hojo et al. 1980). Their study showed the requirement of B cells in the local adop- 
tive transfer of EAO and suggested the possibility of cooperative interactions among 
T cells, B cells, and macrophages involved in the generation of the transferred EAO 
lesions. From this study, it was first demonstrated that B cells possess the antigen- 
presenting capability like macrophages and dendritic cells in the guinea pig 
EAO. However, the participation of humoral antibodies themselves has been the sub- 
ject of controversy. Although typical EAO was successfully transferred to naive 
recipients with peritoneal exudate and lymph node cells from male and female donor 
guinea pigs previously immunized with testicular antigens+CFA, attempts to transfer 
EAO with circulating antibody from the immunized animals were not successful 
(Carlo et al. 1976). In contrast, in testicular antigens+CFA-immunized guinea pigs 
and rats, passive transfer of antiserum against testicular antigens induced EAO (Tung 
et al. 1971b; Toullet and Voisin 1976; Lustig et al. 1977, 1978; Denduchis et al. 1979, 
1985). In guinea pigs that had been injected into the recipient testis with immune sera 
from donors immunized with testicular homogenate+CFA, congestive vessels and 
exudation of polymorphonuclear cells were seen in the testis during the first week 
after the local injection. Leukocytes also appeared in the vicinity of the canaliculi of 
the rete testis (Mancini et al. 1974). This picture was accompanied by vacuolization 
of Sertoli cells and sloughing of TGC. Later, marked disturbance of spermatogenesis 
with a moderate infiltration of mononuclear cells between the seminiferous tubules 
and also in the interstitium of the rete testis and the epididymis was found 
(Chattopadhyay 1979). Injection of normal sera did evoke any histological changes 
in the recipient testis. The autoantibodies induced by testicular homogenate+CFA- 
immunization should include not only anti-TGC but also anti-Sertoli cell and anti- 
basal lamina of the seminiferous tubules antibodies (Fig. 5.4). It is known that the 
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laminins constitute the major non-collagenous components of basal lamina of the 
seminiferous tubules. When rabbit antibodies to laminin1 (IgG fraction) were injected 
into adult guinea pigs, thickening of the tubular limiting membrane, infolding in the 
basal lamina, deposits of immune complexes coincident with sloughing of pachytene 
spermatocytes and spermatids, and vacuolization of the Sertoli cells were induced. 
However, Sertoli cell tight junctions remained impermeable, and mononuclear cell 
infiltration in the testis was rare (Lustig et al. 2000). This indicates a possible partici- 
pation of B cell lineage for EAO induction as well as T cells. 

In EAO using animals immunized with testicular antigens+CFA, transfer of EAO 
with “immune RNA” was reported in guinea pigs. “Immune RNA” obtained from 
the lymphocytes of donor guinea pigs, which were immunized with testis 
antigens+CFA, was injected intraperitoneally into normal recipient guinea pigs 
(Fainboim et al. 1978). The transferred guinea pigs developed DTH to sperm anti- 
gens and EAO as seen in the “immune RNA” donor guinea pigs. In contrast, when 
the transfer was performed with RNA extracted from guinea pigs that were immu- 
nized with CFA alone, no specific DTH and EAO were observed. Furthermore, in 
cases of transfer with ribonuclease-treated “immune RNA,” the recipient animals 
failed to have EAO lesions. “Immune RNA” may convert non-sensitized mouse peri- 
toneal cells to a state of specific immunologic reactivity to testicular antigens. In an 
in vitro study, the “immune RNA” was incubated with normal guinea pig peritoneal 
exudate cells, which showed specific inhibition of migration when tested with the 
TGC antigen (Fainboim et al. 1979). In similar experiments, normal guinea pig peri- 
toneal exudate cells, when incubated in vitro with “immune RNA” from “rats” 
immunized with testicular homogenate+CFA, recognized and responded to the TGC 
antigens specifically as assessed by the direct migration inhibition reaction (Sztein 
et al. 1980). This indicates the success of transfer of cell migration inhibition in vitro 
with not only syngeneic but also xenogeneic RNA in EAO. Therefore, “immune 
RNA” is able to cross the species barrier and sensitive to xenogeneic lymphoid cells. 
Sztein et al. (1980) also showed that the transferred antigen reactivity is directed 
against common testicular antigens present in rats, mice, and guinea pigs. The reac- 
tion would appear to be organ specific, kidney homogenate+CFA being unable to 
cause migration inhibition. EAO can be transferred by other “noncellular materials” 
(Pokorna 1969). In his study, male donor mice of C57BL/10 strain were immunized 
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with testicular homogenate+CFA. On day 14, spleens and lymph nodes of the donors 
were taken, and their cell suspensions were prepared. The cell suspension was incu- 
bated at 56 C for 1 h, and cellular sediment was then centrifuged and the supernatant 
was used. EAO was induced in recipient mice that were intraperitoneally injected 
with “the prepared supernatant” in amount of 0.5 ml (Pokorna 1969). Furthermore, it 
was found that spleen cells and lymph node cells from non-immunized normal mice 
can also transfer EAO when the cells were incubated with “the prepared superna- 
tant.” The incubated cells from normal donors were washed three times with Hanks 
solution and injected intraperitoneally in amount of 0.5 ml containing 2 x 10° cells. 
The EAO-inducing supernatant exhibited cytotoxic complement-dependent activity 
on testicular cells and was partly inactivated by trypsin, whereas RNase and DNase 
did not influence their activity. Since the EAO transfer induced by “immune RNA” 
or the “noncellular supernatant” obtained from immune cells has not been further 
reexamined, the minute pathophysiology remains unclear. 

In regard to testicular autoantigens, four glycoproteins (GP1, GP2, GP3, and 
GP4) rich in carbohydrate were isolated from guinea pig testes (Hagopian et al. 
1975). The molecular weights of the glycoproteins were estimated to be 47,000, 
105,000, and 13,000, respectively, for GP1, GP2, and GP4. GP3 showed two major 
bands, with molecular weights of 41,500 and 22,800. GP1, GP2, and GP4 were 
localized in the sperm acrosome (Fig. 5.2). Approximately, 5 mg each purified GP1, 
GP3, and GP4, and 3 mg of GP2 were isolated from 1000 g of wet guinea pig testes. 
In particular, both GP1 and GP4 are strongly orchitogenic (EAO-inducing) anti- 
gens, while GP2 and GP3 were inactive (Hagopian et al. 1975, 1976). A unique 
highly soluble aspermatogenic protein, AP1, was also isolated from guinea pig tes- 
tes. Approximately 20 mg of API were obtained from 5000 g of wet guinea pig 
testes (Jackson et al. 1975, 1976). This protein is localized on the outer surface of 
sperm acrosome and is a potent inducer of EAO (Fig. 5.2). Toullet and Voisin (1976) 
reported that three different autoantigens (S, P, and T), extracted and separated from 
guinea pig spermatozoa, give rise to EAO when injected with CFA. They also 
induce specific antibodies, such as anaphylactic (with S and P), complement-fixing 
(with P and T), spermotoxic (only with T), and precipitating and Arthus-inducing 
antibodies (only with P). Autoantigens S is present on proacrosomal granules, acro- 
somal granules, and acrosome and head cap of spermatozoa. Autoantigen P is pres- 
ent on the same formations except for the head cap. Autoantigen T is also localized 
on acrosomes and head caps but on their membranes as well as on the cytoplasmic 
membranes of spermatozoa and spermatids (Toullet et al. 1973). In particular, auto- 
antigen S was detected on the acrosomal apparatus in not only guinea pigs but also 
rabbits, rats, and mice. Later, aspermatogenic polypeptides, AP2 and AP3, capable 
of inducing EAO in the guinea pig were purified from their testes and epididymides 
by sequential biochemical methods (Teuscher et al. 1983a, b). Approximately 
80 mg of AP2 was obtained from 10!° cauda epididymal spermatozoa. AP2 has a 
molecular weight of 9500. Approximately 250 mg of AP3 were obtained from 
500 g wet weight of the testes. AP3 appeared as a single band with a molecular 
weight of 12,500. Immunization with AP2+CFA or AP3+CFA induced severe EAO 
in 100% of the guinea pigs tested. Guinea pigs were immunized with a defined and 
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highly potent aspermatogenic antigen, G75 m, and the following occurrence of 
EAO was correlated with cell-mediated immune response to G75 m (Meng and 
Tung 1983). Later, it was reported that the immunization of male guinea pigs with 
PH-20+CFA also reproducibly results in EAO induction (Tung et al. 1997). PH-20, 
a testis-specific protein first expressed in haploid TGC, is present on the posterior 
head plasma membrane and inner acrosomal membrane of mature guinea pig sper- 
matozoa (Fig. 5.2). PH-20 is bifunctional, having a hyaluronidase activity that 
allows sperm to penetrate the cumulus layer and a separate activity required for 
binding of acrosome-reacted sperm to the zona pellucida. Remarkably, PH-20+CFA- 
induced EAO differed from testicular homogenate+CFA-induced EAO in two 
respects: (1) an absence of epididymitis with abscess and granulomata and (2) the 
deposit of antibodies on TGC within the seminiferous tubules and abnormal sper- 
matozoa inside the cauda epididymis in PH-20-induced EAO lesions. The former 
suggests that crude testis antigens other than PH-20 are responsible for autoimmune 
epididymitis in testicular homogenate+CFA-immunized animals, and the latter sug- 
gests an active role of humoral immunity in PH-20-induced EAO pathogenesis. In 
addition, guinea pigs immunized with testicular acrosin with molecular weight of 
34,000 + CFA also exhibited typical EAO (Falase et al. 1989). 


5.2.3 EAO Induced by Immunization with Mixture Containing 
Testicular Homogenate and Bordetella pertussis (BP) 


In vivo intoxication with BP elicits a variety of physiological responses including a 
marked leukocytosis, disruption of glucose regulation, adjuvant activity, alterations 
in vascular function, hypersensitivity to vasoactive agents, and upregulation of 
MHC class II molecules (Tonon et al. 2002; Gao et al. 2003) (Figs. 5.1 and 5.3). 
BP-induced lymphocytosis is associated with alteration in thymocyte subpopula- 
tions (Person et al. 1992b). BP primarily affects and depletes thymic T cells with an 
immature phenotype. However, in the periphery of BP-treated mice, the relative 
increase in the number of CD4* T cells is more than that of CD8* T cells. In regard 
to pro-inflammatory cytokines, BP treatment induced the release of IL-6, IL-12, and 
TNF-alpha (Mielcarek et al. 2001; Tonon et al. 2002). 

EAO was induced in mice immunized with testicular homogenate+BP on day 0 
and day 34 (Hargis et al. 1968). On day 50, the immunological aspermatogenesis was 
characterized by degenerating TGC, signet ring nuclei, abnormal mitotic figures, 
karyorrhexis, the presence of an eosinophilic coagulum, and multinucleate giant 
cells. There was moderate interstitial edema, but it is noted that accumulations and 
invasion of mononuclear cells were rare. Both Sertoli cells and Leydig cells appeared 
normal. BP enhances of the DTH as well as hypersensitivity of the immediate type. 
BP treatment alone in the absence of immunization with testicular homogenate 
induced systemic leukocytosis in mice with significant lymphocytic inflammation in 
the ductuli efferentes, epididymis, and prostate, but not in the testes (Itoh et al. 1995). 

In vivo intoxication with BP elicits a variety of inflammatory responses, includ- 
ing vasoactive amine sensitization to histamine, serotonin, and bradykinin (Diehl 
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et al. 2014). Histamine is genetically controlled by a locus controlling BP-induced 
histamine sensitization (Bphs). Furthermore, it was found that BP sensitizes mice to 
histamine independently of TLR4, a purported receptor for BP (Diehl et al. 2014). 
Therefore, Bphs on chromosome 6 may be critical in susceptibility to testicular 
homogenate+BP-induced EAO (Teuscher 1985, 1986; Sudweeks et al. 1993; 
Meeker et al. 1999; Ma et al. 2002; Gao et al. 2003). 


5.2.4 EAO Induced by Immunization with Testicular Antigens or 
Homogenate Emulsified in CFA and the Following 
Intravenous Administration of BP 


5.2.4.1 Induction of EAO 

Previously, many investigators had a difficulty to reproduce murine EAO model by 
immunization with testis antigens+CFA or with testis antigens+BP. Bernard et al. 
(1978) were the first to develop active EAO model in mice by immunization with 
testicular homogenate emulsified in CFA followed by intravenous injection with 
BP. This EAO using both CFA and BP is reproducible and consistently accompanied 
by severe inflammation in the epididymis and the vas deferens (=epididymo-vasitis). 
They also first succeeded in adoptive transfer of murine EAO (=passive EAO) with 
immune T cells into T cell-deficient athymic nude recipient mice treated with 
BP. Therefore, an important role for T cells in mediation of murine EAO was demon- 
strated by this adoptive transfer experiment (Bernard et al. 1978). The inflammatory 
lesions composed of macrophages, lymphocytes, neutrophils, and eosinophils are 
mainly found in association with the spermatogenic disturbance and Leydig cell 
hyperplasia (Sato et al. 1981; Kohno et al. 1983). DTH against testicular antigens 
was detected early at day 7; it increased with time, reaching a maximum at day 80; 
and a good temporal relationship between DTH and histopathology was found 
(Doncel et al. 1989). In contrast, circulating specific autoantibodies were only pres- 
ent in approximately 60% of the animals with EAO, and no deposits of IgG or C3 in 
the seminiferous tubules were seen (Doncel et al. 1989). Later, Mahi-Brown et al. 
(1987, 1988) and Mahi-Brown and Tung (1989, 1990) have shown that activated T 
cells can successfully transfer of the EAO to thymus-bearing normal recipient mice. 
The donor mice used in the adoptive transfer experiment received an immunization 
schedule consisting of subcutaneous injection with whole testicular 
homogenate+CFA+BP. A successful transfer of EAO to naive recipient mice was 
done by performing an in vitro challenge of the donor CD4* T cells with testis anti- 
gens before the cell transfer (Tung et al. 1989). Later, EAO was shown to be induced 
by testis and sperm antigen-specific T cell clone that had been derived from testicular 
homogenate+CFA+BP-immunized mice (Yule and Tung 1993). Similar to other 
EAO models, MHC class II antigen-restricted CD4* T cells are the primary effectors; 
however, recent evidence suggests the involvement of CD8* T cells during the onset 
and maintenance of chronic EAO, in which Th17 cytokines are also involved in the 
pathogenesis of EAO (Jacobo et al. 2009, 201 1a, b). At EAO onset, the number of 
CD4* and CD8* effector T cells dramatically increased in the testis, with the CD4* T 
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cell subset predominating. As the severity of EAO progressed, CD4* effector T cells 
declined in number, while the CD8* effector T cell subset remained unchanged, sug- 
gesting their involvement in maintenance of the chronic phase of EAO (Doncel and 
Lustig 1991; Lustig et al. 1993; Jacobo et al. 2009). Mast cells increased tenfold in 
number, were more widely distributed throughout the interstitial tissue, and were 
partially degranulated (Iosub et al. 2006). Mielcarek et al. (2001) demonstrated that 
mast cells phagocytose BP and can process and present BP molecules to T lympho- 
cytes. Furthermore, exposure of mast cells to BP induced the release of pro-inflam- 
matory cytokines such as TNF-alpha and IL-6. In the seminiferous tubules, TGC 
death occurs through an apoptotic mechanism preceding TGC sloughing in an auto- 
crine and/or paracrine way. Later lesions of EAO included granulomata formation 
and necrosis in the testis (Zhou et al. 1989). 

EAO was also induced by immunization with laminin+CFA+BP in the rat (Lustig 
et al. 1977, 1982, 1986, 1987, 1989) (Fig. 5.2). Laminin has been characterized as 
the main non-collagenous glycoprotein of basal lamina of the seminiferous tubules 
and has been detected in a variety of cells, including Sertoli cells (Denduchis et al. 
1975). The main components of basal lamina are type IV collagens, laminins, entac- 
tin/nidogen, and heparin sulfate proteoglycans. In this EAO, interstitial mononu- 
clear cell infiltration was also seen in the epididymis. The testicular lesions were 
characterized by multiple foci of the seminiferous tubules with different degrees of 
sloughing of the germinal epithelium. In the basal lamina of the seminiferous 
tubules, splitting and focal thickenings of knob-like projections toward the epithe- 
lium was found (Lustig et al. 1982, 1987). The thickening and delamination of the 
basement membrane was consistently accompanied by vacuolization of the Sertoli 
cell cytoplasm. In vivo-bound rat IgG was detected along the walls of the seminifer- 
ous tubules as bright linear and dense reaction products on the basal lamina. High 
titers of circulating anti-laminin antibodies and a significant DTH to laminin were 
detected in the immunized rats. Leukocyte migration was also inhibited when the 
spleen cells of the immunized rats were incubated with laminins. 


5.2.4.2 The Effects of CFA+BP Sensitization 

The mycobacterial components within CFA signal T cells to assume a Th! profile so 
that strong DTH against testicular autoantigens develops. In the absence of mycobac- 
teria, T cell differentiation tends to assume a Th2 profile with strong antibody pro- 
duction only (Billiau and Matthys 2001). In the periphery of BP-treated mice, the 
relative increase in the number of CD4* T cells is more than that of CD8* T cells. As 
mentioned earlier, treatment with CFA and BP releases various pro-inflammatory 
cytokines involving IL-1-beta, IL-6, IL-12, TNF-alpha, and IFN-gamma in vivo 
(Lapchak et al. 1992; Chuang et al. 1997; Mielcarek et al. 2001; Tonon et al. 2002; 
Raghavendra et al. 2004). Considering that severe splenomegaly and lymphadenopa- 
thy was induced by CFA+BP treatment alone, various lymphocytic clones that are 
not specific to the testicular antigens should be also activated, resulting in enhance- 
ment of the immune responses and the breakdown of testicular immune privilege. 
Indeed, the employment of CFA and BP has proved to be instrumental in altering the 
completeness of BTB indirectly (Fig. 5.3), as well as in augmenting of DTH (Pelletier 
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et al. 1981; Sewell et al. 1986; Adekunle et al. 1987). Foci of tubules with exfoliated 
TGC into the seminiferous tubular lumen or sloughing of the germinal epithelium 
was found in CFA+BP-injected mice and rats (Adekunle et al. 1987; Lustig et al. 
1987). In particular, TNF at high concentrations are toxic to the spermatogenesis 
(Mealy et al. 1990). The presence of IL-6 made Sertoli cells in vitro to exhibit a 
redistribution of tight junction proteins, resulting in reduction of transepithelial elec- 
trical resistance (Perez et al. 2011, 2012). This indicates that IL-6 is also involved in 
downregulating BTB permeability. 

The number of MHC class II antigen-bearing cells increased after the CFA+BP 
treatment even when immunization with testicular antigens was absent (Tung et al. 
1987) (Fig. 5.3). Therefore, both CFA and BP also may affect histopathological pat- 
tern of autoimmune inflammation against the testicular antigens. Tung et al. (1987) 
have demonstrated that the tubuli recti, rete testis, and ductuli efferentes were pre- 
dominant sites of inflammation in passive EAO (induced by transferring CD4* T 
cells isolated from the immunized donors into non-immunized, naive recipients) but 
that active EAO (induced by immunization with testicular homogenate+CFA+BP) 
affected the peripheral seminiferous tubules under the tunica albuginea away from 
the tubuli recti and rete testis. The reason for the first involvement of the tubuli recti 
in passive model of EAO may be that the recipient mice were free from CFA+BP- 
induced upregulation of the distribution of antigen-presenting macrophages/den- 
dritic cells throughout the testes (Fig. 5.2). 

Sato et al. (1981) and Kohno et al. (1983) demonstrated minute histopathology of 
this EAO. In the EAO lesion, granular deposits of IgG were identified around semi- 
niferous tubules. A focal degeneration and desquamation of both spermatogonia and 
Sertoli cells was induced prior to inflammatory cell responses. Yule et al. (1988) 
showed immune sera from mice immunized with testicular homogenate+CFA+BP 
and had reactivity with testicular cells of mice younger than 2 weeks of age. The 
autoantibodies bound to spermatogonia and spermatocytes were IgG1 but not IgG2 
isotypes. Therefore, immunization with testicular homogenate+CFA+BP, but not 
with testicular homogenate alone, produced autoantibodies against diploid germ 
cells (spermatogonia and preleptotene spermatocytes) outside the BTB (Yule et al. 
1988) (Fig. 5.4). Furthermore, it also became evident that immunization with testis 
homogenate+CFA-+BP elicits not only immune responses against germ cells but also 
the responses against other testicular components such as Leydig cells, Sertoli cells, 
and basal lamina of the seminiferous tubules (Sato et al. 1981; Lustig et al. 1982) 
(Fig. 5.4). Namely, immunization with testicular homogenate+CFA+BP includes 
immune responses against spermatozoa, spermatids, spermatocytes, spermatogonia, 
Sertoli cells, Leydig cells, and basal lamina of the seminiferous tubules. 

Recently, a new syndrome, namely, the “‘autoimmune/autoinflammatory syn- 
drome induced by adjuvants” (ASIA), has been defined (Shoenfeld and Agmon- 
Levin 2011; Colafrancesco et al. 2014). In this syndrome, different conditions 
induced by various adjuvants such as infectious fragments, hormones, aluminum, 
silicone, and metal are included, and the syndrome is characterized by common 
signs and symptoms, resulting in boosting the immune response and triggering the 
development of autoimmune phenomena (Loyo et al. 2012; Cruz-Tapias et al. 2013; 
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Lujan et al. 2013). Therefore, CFA+BP treatment also may induce ASIA-like condi- 
tion. Indeed, in CFA+BP-injected mice, both production of anti-TGC autoantibod- 
ies and development of cytolytic activity of T cells against TGC are inducible 
without the use of testicular antigens for sensitization (Ben et al. 1986; Musha et al. 
2013) (Fig. 5.3). Moreover, reversibility of disease resistance to EAO was found by 
treatment with BP in EAO-resistant rats (Teuscher et al. 1989). Therefore, there is a 
possibility that EAO may be inducible with CFA+BP treatment alone if some opti- 
mal conditions such as longer injection periods and/or more frequent injections are 
devised. 


5.2.4.3 Role of Antibodies 

Demonstration of IgG in the testis after immunization with testicular 
homogenate+CFA+BP or in the recipient testis after transfer of sera from orchiecto- 
mized donor mice immunized with testicular homogenate+CFA+BP shows that auto- 
antigens are present on TGC outside the Sertoli cell barrier. It suggests the existence 
of dynamic protective mechanisms against immune responses to the non-sequestered 
TGC in normal individuals (Yule et al. 1990). The IgG deposits in EAO lesions were 
characterized as antibodies bound to the spermatogonia and preleptotene spermato- 
cytes and were detected as early as day 7 after immunization, 5—6 days before the 
onset of EAO (Tung and Teuscher 1995) (Fig. 5.4). Testis IgG deposits were also 
elicited by immunization with testis homogenate in incomplete Freund’s adjuvant 
which does not elicit EAO. This IgG is absorbed from circulation by the testis, because 
the IgG is found only in the serum of mice orchiectomized before the immunization 
(Mahi-Brown et al. 1988). Thus the immune deposits alone are not sufficient to cause 
active EAO. The lack of pathogenicity by immunization with testis homogenate in 
incomplete Freund’s adjuvant is probably related to the unique immunoglobulin sub- 
class of the IgG deposits. Only IgG1 and IgG3 but not IgG2a or IgG2b were detected. 
This finding can explain lack of association of complement components in the depos- 
its in testis. Actually, in the testis of mice immunized with testis homogenate, autoan- 
tibodies were detected as immune complexes around the damaged seminiferous 
tubules free of inflammatory cell response, although the pathogenic role of testicular 
immune complexes has not yet been explored. There is a possibility that binding of 
autoantibodies to the target antigen-bearing cells and tissues such as spermatogonia, 
spermatocytes, and basal lamina of the seminiferous tubular wall affects the physio- 
logical function of the seminiferous epithelium. To investigate it, autoantibodies 
against Sertoli cells and basal lamina of the seminiferous tubules can be obtained from 
animals immunized with testicular homogenate+CFA+BP. Lustig et al. (1978) found 
that EAO can be induced by passive transfer of an antiserum to seminiferous tubular 
basal lamina. The damage was characterized by foci of perivascular and peritubular 
infiltrates of mononuclear cells. Moreover, infolding, thickening, and rupture of the 
seminiferous tubular wall and vacuolization of Sertoli cells and spermatogenic distur- 
bance were also seen. A linear deposit of immunoglobulins was detected along the 
basal lamina of seminiferous tubules and blood capillaries. Additionally, in the kid- 
neys of recipients, a deposit of immunoglobulins along glomerular basement mem- 
brane, focal areas of mononuclear cell infiltrates, hypercellularity of glomeruli, and 
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thickening of both glomerular capillary wall and Bowman’s capsule were also found. 
Moreover, by using two kinds of monoclonal antibodies (IgM) against Sertoli cell and 
basal lamina of the seminiferous tubule that were derived from testicular 
antigens+CFA+BP-immunized mice, the spermatogenic disturbance was induced 
experimentally by intra-testicular injection of a set of these two monoclonal antibod- 
ies in mice (Ichinohasama et al. 1986) (Figs. 5.2 and 5.4). However, single injection 
of either monoclonal antibody failed to induce the lesion. This fact indicated that 
monoclonal antibody against Sertoli cells could reach the Sertoli cell to impair its 
function, which was otherwise inaccessible without coincidental action of monoclo- 
nal antibody against the basal lamina of the seminiferous tubules. The monoclonal 
antibody against the basal lamina appeared to alter the permeability of the BTB and 
lower its barrier effect. The most depressed spermatogenesis was frequently observed 
in testes 1 week after the second injection in mice that had been injected with a mix- 
ture of the two kinds of monoclonal antibodies twice at a 1-week interval. 
Immunohistochemically, the percentage of seminiferous tubules positive for anti- 
mouse IgM and anti-mouse complement appeared to parallel the impaired degree of 
spermatogenesis. It is important to note that there was no inflammatory cell infiltra- 
tion. Neither congestion nor thrombosis of vessels nor ischemic changes was seen. 
The chronology of changes in the testes revealed that the spermatogenesis gradually 
recovered and became almost normal at 8 weeks after the second monoclonal anti- 
body treatment. This suggests that humoral immunity is not so critical for producing 
chronic EAO. 


5.2.4.4 Relevant Autoantigens 

Immunization with allogeneic murine tissue homogenate of various organs emulsi- 
fied in CFA accompanied by the injection of BP revealed that only testicular and 
epididymal homogenates of adult but not prepubertal mice are capable of eliciting 
EAO (Adekunle et al. 1987). Immunization of mice with xenogeneic testicular 
antigens+CFA+BP failed to elicit significant EAO, indicating that the major target 
autoantigens are highly species specific (Adekunle et al. 1987). Moreover, the use of 
allogeneic mouse testicular homogenate from EAO-resistant strains as sensitizing 
antigens exhibited similar potential for inducing significant EAO like in cases of the 
use of allogeneic testicular homogenates from EAO-susceptible strains. It suggests 
that immunoregulation against testicular antigens, but not autoimmunogenicity of 
testicular antigens, affect EAO sensitivity. However, testicular homogenates from 
NZB/B1NJ and MRL/MpJ-“ mice were significantly less potent at inducing autoim- 
mune epididymitis as compared to other strains, indicating possible interstrain differ- 
ences of relevant autoantigens for EAO induction (Adekunle et al. 1987). 

By using SDS-polyacrylamide gel electrophoresis and immunoblotting by reac- 
tion of normal sera with normal testicular homogenates in mice, two immunoreac- 
tive bands corresponding to approximately 45 and 100 kDa were detected (Musha 
et al. 2013). These two natural autoantibodies were more definitely detected in 
CFA+BP-immunized mice with no use of testicular antigens. In immunohistochem- 
ical staining by reacting normal testicular sections with immune sera from CFA+BP- 
injected group, haploid TGC and other immature TGC near the basement membrane 


5.2 Various EAO Models with the Aid of Immunopotentiators 137 


of seminiferous tubules were finely stained. Moreover, compared with the normal 
controls, one band of approximately 40 kDa was additionally detected by immune 
sera obtained from the CFA+BP-injected mice, indicating that treatment with 
CFA+BP alone can evoke autoimmune reactions against some testicular autoanti- 
gens despite the use of no testicular homogenate (Fig. 5.3). It may be due to 
CFA+BP-induced ASIA (autoimmune/autoinflammatory syndrome induced by 
adjuvants). In testicular homogenate+CFA+BP-induced EAO, two natural autoanti- 
bodies against testicular antigens corresponding to approximately 45 and 100 kDa 
were further definitely detected like in CFA+BP-immunized mice. Moreover, the 
serum samples of testicular homogenate+CFA+BP-immunized mice also reacted 
with eight additional testicular autoantigens of approximately 15, 22, 25, 40, 60, 75, 
120, and 250 kDa. 

Sperm-specific zonadhesin is a target autoantigen with an EAO-inducing (orchi- 
togenic) polypeptide domain (Hardy and Garbers 1995; Wheeler et al. 2011) 
(Fig. 5.2). Zonadhesin is expressed on the acrosomal membrane of spermatid and 
sperm and can bind zona pellucida and inhibit interspecies gamete interaction 
(Tardif et al. 2010). Serum antibody reacted with the 340 kDa protein in sperm of 
wild type but not zonadhesin-null mice. It was next shown that mice immunized 
with recombinant zonadhesin+tCFA+BP developed EAO. Two other murine testis- 
specific autoantigens (mAP1 and mAP2) for EAO induction were partially purified 
from mouse testis acetone powder (Teuscher et al. 1994). Dose-response bioassays 
revealed that mAP1 and mAP2 are most effective at eliciting active EAO by mixing 
with CFA+BP and passive EAO induced by transferring CD4* T cells isolated from 
the immunized donors into non-immunized, naive recipients, respectively. 

A proteomic approach using 2D SDS-PAGE and immunoblotting analysis with 
immune sera obtained from testicular homogenate+CFA+BP-injected mice identi- 
fied 12 spots. Seven were subsequently identified by mass spectrometry as heat 
shock proteins (HSPs), including HSP60 and HSP70, disulfide isomerase ER-60, 
alpha-1 antitrypsin, heterogeneous nuclear ribonucleoprotein H1, sperm outer dense 
fiber major protein 2, and phosphoglycerate kinase 1, which are abundant in male 
TGC and characterized as testicular autoantigens for EAO (Fijak et al. 2005). 
HSP70 has been reported to promote antigen-presenting cell function and converts 
T cell tolerance to autoimmunity in vivo (Millar et al. 2003). 

Laminin, a component of the basal lamina, was also shown to be important auto- 
antigens for EAO induction, because immunization with laminin+CFA+BP induced 
EAO (Lustig et al. 1987) (Fig. 5.2). This indicates that immunologic injury specific 
to the basal lamina induces TGC depletion from the seminiferous epithelium in an 
antigen-nonspecific manner. Indeed, morphological alteration of the basal lamina of 
the seminiferous tubules in various pathological conditions including a varicocele, 
cryptorchid testes, hypogonadotropic hypogonadism, and irradiated testes have 
been reported. It has also been demonstrated that the basal lamina of the seminifer- 
ous tubules in the Japanese monkey is histologically changed when spermatoge- 
netic activity decreases in the nonbearing season. These findings suggest a possibility 
that physiological condition of the basal lamina of the seminiferous tubules influ- 
ences the activity of seminiferous tubules (Tainosho et al. 2011; Naito et al. 2012). 
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5.2.4.5 Pathophysiology of Leukocytic Infiltration and the Following 
Spermatogenic Disturbance 

For EAO induction, interaction between blood capillary endothelial cells and circu- 
lating leukocytes are important, because the capillary endothelial cells play an essen- 
tial role by facilitating leukocyte recruitment via their ability to express cell surface 
adhesion molecules. Rats with EAO showed a significant increase in the percentage 
of CD31* endothelial cells that upregulate the expression of CD106. The percentage 
of leukocytes expressing CD49d (CD106 ligand) also increases during EAO 
(Guazzone et al. 2012). The CD44 antigen is a cell surface glycoprotein involved in 
cell-cell interactions, cell adhesion, and migration. It functions as a hyaluronic acid 
receptor, and both lipopolysaccharide and TNF-alpha upregulate CD44-mediated 
hyaluronic acid binding. It is known that activated lymphocytes bind hyaluronic acid 
present on the endothelium, and this specific binding facilitates the rolling and 
extravasation of leukocytes into the inflammation site (Guazzone et al. 2005). By 
in vitro hyaluronic acid-binding assay, the level of peripheral blood mononuclear cell 
adhesion was higher in testicular antigens+CFA+BP-immunized rats compared to 
normal controls. By immunohistochemistry, a significant increase in the number of 
CD44* cells was detected in the testicular interstitium of rats with severe EAO, indi- 
cating that the CD44 molecules are involved in the homing of lymphocytes into the 
testis of rats with EAO (Guazzone et al. 2005). In the testis under physiological 
conditions, IL-1-beta is feebly produced; however, an upregulation of IL-1-beta, 
which may promote adhesion and migration of leukocytes, was also observed in the 
testis of rats immunized with testicular antigens+CFA+BP (Guazzone et al. 2009). 
Chemokines such as monocyte chemoattractant protein-1 and macrophage inflam- 
matory protein-1 were also upregulated in the EAO lesion and therefore might induce 
attraction and extravasation of immune cells into the testicular interstitium. A signifi- 
cant increase of monocyte chemoattractant protein-1 was observed in the testicular 
fluid and in the conditioned medium obtained from cultures of testicular macro- 
phages of rats with EAO (Guazzone et al. 2003). An increase in monocyte chemoat- 
tractant protein-1 expression was immunohistochemically observed in mononuclear 
cells, endothelial cells, Leydig cells, peritubular myoid cells, and Sertoli cells of rats 
with severe EAO. This indicates that this chemokine has an important role in recruit- 
ing immune cells to the testis in rats undergoing EAO. 

CD4* T cells that secrete Th1 cytokines in vitro play the most important role for 
EAO induction (Yule and Tung 1993; Tung 1998). All orchitogenic T cell clones, 
derived from mice immunized with testicular homogenate+CFA+BP, expressed both 
CD4 and the alpha-beta TCR. When activated, they produced IL-2, IFN-gamma, and 
TNF-alpha, but not IL-4. EAO transfer was significantly and reproducibly attenuated 
when recipients were given neutralizing antibody to TNF-alpha but not IFN-gamma 
in vivo. Hence, TNF-alpha rather than IFN-gamma was shown to be required for 
amplification of the pathogenic T cell response (Tung and Teuscher 1995). Although 
TNF-alpha protects TGC from apoptosis at physiologically low concentrations in 
normal testes, it behaves as an apoptotic factor that induces TGC death under inflam- 
matory conditions (Theas et al. 2008). Actually, spermatogenic disturbance was 
experimentally induced by injection of TNF into the rat testis through a direct effect 
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on TGC and an indirect mechanism involving Leydig cells or Sertoli cell dysfunction 
(Mealy et al. 1990). On the contrary, there is a study demonstrating that TNF does 
not appear to be the principal cytokine involved in the pathogenesis of actively 
induced EAO (Teuscher et al. 1990c). In that study, the ability of TNF to function as 
a coadjuvant in eliciting active EAO was examined by treating the EAO-immunized 
mice with recombinant murine TNF or anti-TNF antibodies at various time points 
throughout both the induction and effector phase of the EAO process; however, the 
all treated mice failed to exhibit a markedly significant change in EAO outcome in 
comparison with EAO-sensitized mice without TNF or anti-TNF antibodies. 

Ben et al. (1986) have shown a good correlation between the severity of testicular 
pathological changes and cytolytic activity of immune lymphocytes against 
TGC. They concluded that the cytolytic activity against TGC might be a major fac- 
tor in the development of EAO, but they did not determine the phenotype of the 
lymphocytes responsible for the cytolytic function. They also demonstrated that 
spleen cells from CFA+BP-injected mice kill TGC in vitro in spite of no immuniza- 
tion with testicular homogenate+CFA+BP (Fig. 5.3). They hypothesized that 
CFA+BP treatment nonspecifically damages the BTB by which testis-specific cyto- 
toxic T cell clones are stimulated and expanded. However, there is another possibil- 
ity that the adjuvant treatment nonspecifically stimulates all immune cells to secrete 
various kinds of cytokines, which are toxic and injurious to the seminiferous epithe- 
lium. Ben et al. (1986) also suggested that EAO may be induced in mice with adju- 
vants alone if the optimal experimental procedures are used. If this hypothesis is 
correct, an anamnesis of tuberculosis or whooping cough could be one of causes for 
immunologic orchitis, like mumps orchitis. 

Testicular macrophages in rats immunized with testicular homogenate+CFA+BP 
also secreted both IFN-gamma and TNF-alpha, like CD4* T cells (Suescun et al. 
2003; Rival et al. 2008; Theas et al. 2008). Furthermore, IL-6 expression in testicu- 
lar macrophages is also significantly increased in EAO (Rival et al. 2006a). In the 
rat EAO, the balance between ED1* macrophage (circulating monocytes arriving at 
the testis) and ED2* macrophage (resident macrophages in the testis) subsets can be 
disrupted under EAO conditions (Rival et al. 2008). The increased number of ED1* 
cells is maintained for long periods of time during chronic inflammation in 
EAO. What causes the persistent elevated macrophage numbers in the testis with 
EAO is still unclear. ED1* cells notably express IL-6 at high levels compared with 
ED2'*, suggesting the distinct roles of the two types of macrophages in mediating 
inflammatory responses. An in vitro study has shown that exogenous IL-6 induces 
TGC apoptosis (Theas et al. 2003). Therefore, the high production of IL-6 by tes- 
ticular ED1* macrophages, the increased expression of IL-6 receptor in TGC, and 
the involvement of this cytokine in TGC apoptosis suggest a pathogenic role of 
IL-6 in EAO. Actually, IL-6 mRNA expression in murine testes also dramatically 
increased in testicular homogenate+CFA+BP-induced EAO (Musha et al. 2013). 

Dendritic cells bearing CD80, CD86, and MHC class II antigens in EAO lesions 
have a mature immunogenic status and are able to induce immune responses to tes- 
ticular antigens (Jacobo et al. 2011b). The mRNA expression level of IL-10 and 
IL-12p35 was significantly upregulated in enriched dendritic cell fraction in draining 
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lymph nodes from the EAO-affected testis (Guazzone et al. 2011a). Furthermore, 
mRNA level of chemokine receptor for monocyte chemoattractant protein 3 was sig- 
nificantly increased, and the expression of chemokine receptor for monocyte che- 
moattractant protein-1 was decreased in isolated dendritic cells from rats with EAO 
(Rival et al. 2006b, 2007). In co-culture experiments, testicular dendritic cells isolated 
from EAO lesion significantly enhanced naive T cell proliferation compared with con- 
trol testicular dendritic cells (Rival et al. 2007). Therefore, testicular dendritic cells in 
control testis is not mature and functionally tolerogenic, while they reach a mature 
immunogenic state by IL-12 expression in EAO-affected testes and stimulate T cell 
proliferation prior imminent migration to the draining lymph nodes to amplify 
immune responses against testicular antigens (Rival et al. 2007). During EAO, ele- 
vated levels of high-mobility group box protein 1 were found. High-mobility group 
box protein 1 is a pro-inflammatory cytokine released from both monocytes and mac- 
rophages and functions as an immunostimulatory signal that induces dendritic cell 
maturation. This protein appears to be involved in regulating inflammatory reactions 
in EAO-affected testes, as blocking its action by ethyl pyruvate reduces the disease 
progression (Aslani et al. 2014). Therefore, high-mobility group box protein | could 
be one of promising targets in attenuating testicular damage caused by inflammatory 
reactions. 

Mast cells are also involved in this EAO. They increased tenfold in number 
throughout the interstitial tissue and were partially degradated (Iosub et al. 2006). 
Protease-activated receptor 2 is known to be activated by mast cell tryptase. In EAO, 
protease-activated receptor 2 on testicular macrophages and peritubular cells was 
strongly upregulated. Isolated peritubular-like cells responded to protease-activated 
receptor 2 activation by increased mRNA expressions of monocyte chemoattractant 
protein-1, transforming growth factor-beta-2, and cyclooxygenase-2 in vitro. 
Indeed, expression of these three inflammatory mediators, together with nitric 
oxide-nitric oxide synthase, increased significantly in EAO-affected testes (Iosub 
et al. 2006; Jarazo-Dietrich et al. 2012). Furthermore, expression of these cytokines 
was upregulated after injection of recombinant tryptase in vivo. This suggests that 
mast cell tryptase contributes to pathogenic mechanisms of EAO. 

The spermatogenic disturbance is characterized by apoptosis of TGC, which is 
mediated by the Fas/Fas ligand and Bax/Bcl-2 systems during EAO (Theas et al. 
2003, 2006; Jacobo et al. 2012). Fas/Fas ligand system works through activation of 
caspase 8, whereas the Bax/Bcl-2 system works through activation of caspase 9; 
these activations eventually lead to activation of caspase 3, thereby resulting in TGC 
apoptosis. In testicular antigens+CFA+BP-immunized rats, real-time RT-PCR anal- 
yses revealed that Fas mRNA expression significantly increased compared with the 
control group. Most spermatocytes expressing Fas were apoptotic (Theas et al. 
2003). The numbers of membrane Fas ligand-expressing CD4* and CD8* T cells 
were increased in the testis during EAO, but no expression of Fas ligand by macro- 
phages was found (Jacobo et al. 2012). By Western blotting, an increase in soluble 
form of Fas ligand content was detected in the testicular fluid in EAO-affected testis 
(Jacobo et al. 2012). Since the soluble form of Fas ligand is able to enter the adlu- 
minal compartment of the seminiferous tubules, this molecule induces apoptosis of 
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Fas-bearing TGC. Indeed, many Fas-bearing TGC were also immunoreactive for 
Fas ligand (Theas et al. 2003). On the other hand, Bax was mainly expressed in 
spermatocytes and spermatids and Bcl-2 in TGC at the basal compartment of the 
seminiferous tubules. Bax-beta isoform content increased in EAO rat testis com- 
pared with controls, whereas content of Bax-alpha remained unchanged. However, 
Bax-alpha content decreased in the cytosol and increased in the mitochondrial and 
endoplasmic reticulum-enriched fractions of testis from EAO rats compared with 
controls. Bcl-2 content also increased in the EAO-affected testes. Therefore, extrin- 
sic, mitochondrial and possibly endoplasmic reticulum pathways are inducers of 
TGC apoptosis in EAO and Bax and Bcl-2 proteins modulate this process (Theas 
et al. 2006). 

During EAO, reduced expressions of occludin and delocalization of both claudin 
and tight junction protein 1 were detected. Rat Sertoli cells cultured in the presence 
of IL-6 exhibited a redistribution of tight junction proteins and reduced transepithe- 
lial electrical resistance, indicating the involvement of IL-6 in downregulating the 
BTB permeability (Perez et al. 2011, 2012). Th17 cells and their hallmark cytokine 
IL-17A were reported to be involved in the EAO development. The addition of 
IL-17A to normal rat Sertoli cell cultures induced a significant decline in transepi- 
thelial electrical resistance and a reduction of occluding expression and redistribu- 
tion of occludin and claudin-11, altering the Sertoli cell tight junction barrier (Perez 
et al. 2013, 2014). Also in vivo, intra-testicular injection of recombinant rat IL-17A 
in rats induced increased the BTB permeability and delocalization of occludin and 
claudin-11. 


5.2.4.6 Regulation of EAO 

Substrains of balb/c mice differ in their susceptibility to EAO, with balb/cJ as a low 
responder and balb/cBy as a high responder. Between the two strains, reciprocal 
adoptive transfer of lymphocytes was examined. After the adoptive transfer of lym- 
phocytes obtained from donor mice immunized with testicular homogenate+CFA+BP 
into the recipient mice, the recipients were immunized with testicular 
homogenate+CFA+BP 3 weeks later. The donor lymphocytes were consistently 
effective in transferring high susceptibility to EAO from balb/cBy (high responder) 
to balb/cJ (low responder). In the reverse experiments, resistance to EAO could be 
also transferred from balb/cJ (low) to balb/cBy (high) with donor lymphocytes 
(Mahi-Brown and Tung 1990). This suggests that susceptibility to EAO in balb/c 
mice depends on the T cell responses in the mice but not on differences at the level 
of the testis. Treatment of donor balb/cJ (low) spleen cells with cytotoxic monoclo- 
nal anti-Thy-1.2 or anti-CD4 antibodies+complements before transfer abrogates 
their ability to inhibit EAO, indicating that Treg are CD4* T cells (Teuscher et al. 
1990a). In another study, the mechanistic basis for EAO resistance was examined 
using reciprocal bone marrow radiation chimeras generated between balb/cByJ 
(high) and balb/cJ (low) mice (Teuscher et al. 1985a, b, 1987a, 1990a). Recipient 
mice were lethally irradiated and received intravenous injections of 10’ T cell- 
depleted donor bone marrow cells. Radiation chimera were made, balb/cByJ 
(high)—balb/cByJ (high), balb/cByJ (high)—balb/cJ (low), balb/cJ (low)—balb/ 


142 5 Testicular Autoimmunity by the Immuno-Potentiating Treatments 


cByJ (high), and balb/cJ (low)—balb/cJ (low), and it was shown that all four chime- 
ric constructs developed severe EAO following testicular homogenate+CFA+BP 
immunization. It is quite noted that balb/cJ (low)—balb/cJ (low) chimera also 
developed severe EAO after the immunization. This suggests that an active immu- 
noregulatory mechanism by Treg rather than the lack of effector T cells and/or B 
cells with specific receptors for the orchitogenic autoantigens is responsible for dis- 
ease resistance in balb/cJ mice. The characteristics of Treg were examined by pre- 
treating balb/cJ mice (low) with either cyclophosphamide or low-dose whole-body 
irradiation 2 days prior to homogenate+CFA+BP immunization. It was found that 
the Treg relevant to EAO suppression are cyclophosphamide-sensitive and also low- 
dose radiation-sensitive T cell population (Teuscher et al. 1990a). Taken together, 
genetically controlled resistance to EAO in balb/cJ (low) mice may be associated 
with a mutation in an immunoregulatory locus of which effects appear to be medi- 
ated through a cyclophosphamide and low-dose radiation-sensitive CD4* Treg 
(Teuscher et al. 1990a). 

There is a trial to induce EAO in severe combined immunodeficient (scid) mice 
(Wakabayashi et al. 1997). In this study, scid mice were reconstituted with fetal liver 
cells (including hematopoietic cells) from balb/c fetuses at gestation day 14. 
Untreated scid mice lacked both T and B cells, but their immune system had gradu- 
ally developed later up to 9 weeks after the reconstitution with fetal liver cells. In 
the reconstituted mice, B cells started to appear at 2 weeks after the transfer of fetal 
liver cells and reached the level of normal balb/c mice at 5 weeks. Both CD4* and 
CD8* T cells started to appear at 5 weeks after the transfer and reached the level of 
normal balb/c mice at 7 weeks. EAO was induced by immunization with testicular 
antigens+CFA+BP in scid mice reconstituted with fetal liver cells 12 weeks before, 
as well as balb/c mice. There was no significant difference in the grade of EAO 
between the reconstituted scid mice and balb/c mice. As expected, untreated scid 
mice showed total absence of EAO. 

EAO can be also inducible in transplanted testis under the renal capsule. Freshly 
prepared donor testis of 1-week-old balb/c mice was transplanted to orchiectomized 
adult balb/c mice under the renal capsule. Later, the transplanted mice were immu- 
nized with testicular homogenate+CFA+BP, and EAO was induced in the trans- 
planted testes, although the severity of EAO in the transplanted testes was milder 
than that of the original testes of non-orchiectomized mice when immunized in the 
same manner (Wakabayashi et al. 1997). 

In the transplanted testis of scid mice reconstituted with fetal liver cells, orchiec- 
tomy was performed at various stages of immunological development to test 
whether the orchiectomy influences the degree of EAO. In this experimental model, 
self-tolerance can be established by contact between testicular autoantigens and 
immune cells in the early developmental stage. The grade of EAO in the trans- 
planted testis appeared significantly enhanced in scid mice that were orchiecto- 
mized 2—4 weeks before the transfer of fetal liver cells or 0—2 weeks after the cell 
transfer when compared to that of the transplanted testis in scid mice orchiecto- 
mized 12 weeks after the transfer of fetal liver cells. Therefore, the absence of tes- 
ticular autoantigens during the early stage of immunological development might 
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interfere with the establishment of sell-tolerance in the later stage and therefore 
enhance the degree of EAO. In other words, the presence of testicular autoantigens 
in the early development phase of the immune system may promote proper estab- 
lishment of self-tolerance and accordingly ameliorated the grade of EAO. 

In chronically inflamed testis during EAO, Foxp3-expressing CD4* and CD8* 
Treg were detected (Jacobo et al. 2009). At the onset of EAO, CD4* Foxp3* Treg 
were more abundant than CD8* Foxp3* Treg. Within Foxp3* Treg population, 
CD25- T cells were unexpectedly more than CD25* cells. CD4* Foxp3* Treg were 
also increased in draining lymph nodes from the testis in EAO-affected rats (Jacobo 
et al. 2015). Indeed, CD4* CD25- Foxp3* T cells from the draining lymph nodes of 
EAO-affected rats expressed transforming growth factor-beta and were able to sup- 
press T cell proliferation more efficiently than those derived from lymph nodes of 
normal control rats. 


5.2.4.7 The Effects of Exogenous Agents on EAO 

Orchitogenic (EAO-inducing) T cell lines and clones derived from testicular 
homogenate+CFA+BP-immunized mice express CD4 and the alpha-beta 
TCR. When the lines and clones were activated, they produced IL-2, IFN-gamma, 
and TNF, but not IL-4. It is noted that the adoptive transfer of EAO by the orchito- 
genic clones was significantly and reproducibly attenuated when recipients were 
administered with neutralizing antibodies to TNF, but not neutralizing antibodies to 
IFN-gamma (Yule and Tung 1993). 

In EAO lesion, an increased number of macrophages infiltrate the testicular 
interstitium concomitantly with progressive TGC degeneration and impaired ste- 
roidogenesis. Macrophages are the main producers of nitric oxide, and upregulation 
of nitricoxide-nitric oxidesynthase system occurs intesticularhomogenate+CFA+BP- 
immunized rats (Jarazo-Dietrich et al. 2012; Perez et al. 2013). Blockage of nitric 
oxide-nitric oxide synthase system by intraperitoneal injection with a competitive 
inhibitor, N(G)-nitro-L-arginine methyl ester, significantly reduced the incidence 
and severity of EAO and lowered testicular nitrite content (Jarazo-Dietrich et al. 
2015). Furthermore, co-culture of control testicular fragments with testicular mac- 
rophages obtained from EAO-affected rats significantly increased TGC apoptosis, 
whereas addition of N(G)-nitro-L-arginine methyl ester lowered the apoptosis- 
inducing effects and reduced nitrite content (Jarazo-Dietrich et al. 2015). Therefore, 
nitric oxide secreted mainly by testicular macrophages could promote oxidative 
stress inducing the spermatogenic disturbance and interfering Leydig cell function. 

Galectin-1, a prototype member of galectin family, is highly expressed in immune- 
privileged testis. A significant reduction in the incidence and severity of EAO was 
observed in mice that are genetically deficient in Galectin-1 when compared with 
wild-type mice. On the contrary, exogenous administration of recombinant Galectin-1 
to wild-type mice undergoing EAO attenuated the severity of EAO (Perez et al. 
2015). Therefore, a dual role of endogenous versus exogenous Galectin-1 was dem- 
onstrated in the control of EAO. 

Recombinant human secretory leukocyte protease inhibitor inhibits mitogen- 
induced proliferation of human peripheral blood mononuclear cells. In experiments in 
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which microspheres containing recombinant human secretory leukocyte protease 
inhibitor were administered subcutaneously during or after the EAO immunization, the 
treatment significantly decreased EAO incidence and severity (Guazzone et al. 201 1b). 
In vivo DTH and ex vivo proliferative response to testicular antigens were also reduced 
by treatment with recombinant human secretory leukocyte protease inhibitor. 


5.2.4.8 Immunogenetics of EAO 

Segregation analysis employing a second-generation backcross population shows 
that resistance to both experimental allergic encephalomyelitis induced by immuni- 
zation with spinal cord homogenate+CFA+BP and EAO is due to a mutation in a 
common immunoregulatory gene (Teuscher et al. 1998). Genes outside the MHC 
strongly influence susceptibility to testicular antigens+CFA+BP-induced EAO 
(Teuscher 1985, 1985b). Sublines of the balb/c (H-2‘) mice differ in EAO suscep- 
tibility (Teuscher et al. 1987a, b, 1988). balb/cByJ mice are highly susceptible to 
EAO (high responder), whereas balb/cJ mice are resistant (low responder). DBA/2 J 
mice, another H-2! strain, are resistant to EAO, and (balb/cByJ x DBA/2 J) F1 mice 
are also resistant. This demonstrates that resistance to EAO is inherited as a domi- 
nant phenotype in this strain combination (Teuscher et al. 1985a, b; Teuscher 1985). 
Additionally, resistance can be adoptively transferred to susceptible balb/cByJ mice 
with primed spleen cells of (balb/cByJ x DBA/2 J) F1 mice (Meeker et al. 1995). In 
sharp contrast, EAO susceptibility is dominantly inherited in bidirectional (suscep- 
tible balb/cByJ x resistant balb/cJ)F1 hybrids. 

The immune T cells obtained from testicular homogenate+CFA+BP-immunized 
balb/cByJ (high) mice were consistently effective in transferring EAO susceptibility to 
balb/cJ (low) mice. On the contrary, when spleen cells from balb/cJ (low) mice immu- 
nized with testicular homogenate+CFA+BP are transferred to balb/cByJ (high) mice, 
the recipients become resistant to EAO induction by testicular homogenate+CFA+BP 
immunization (Mahi-Brown and Tung 1990). Lymphocytes responsible for EAO sup- 
pression were isolated and typed as CD4"T cells (Teuscher et al. 1990a). This indicates 
that resistance to EAO in balb/cJ (low) mice is mediated by CD4* Treg cells. 

Further studies also demonstrated that autoimmune orchitis, epididymitis, and 
vasitis are immunogenetically distinct lesions controlled by both MHC-linked and 
non-MHC-linked genes (Roper et al. 1998). Mice with the H-2* haplotype devel- 
oped mainly orchitis, whereas mice of the H-2* haplotype developed epididymitis 
and vasitis (Teuscher et al. 1990b). Unique loci were identified on chromosome 8 
for orchitis, chromosome 16 for epididymitis, and chromosome | for vasitis and 
have been designated as Orch6, Epd1, and Vas1, respectively. This difference was 
also demonstrated using series of recombinant inbred lines derived from the EAO- 
susceptible C57BL/6 J (H-2°) and the EAO-resistant C3H/HeJ (H-2*) strains (Person 
et al. 1992a). This genetic study has identified four additional orchitis susceptible 
genes: Orch-1, which maps within H-2, Orch-2, Bphs, and Orch-3, which are genes 
that reside outside H-2, showing the polygenic control of EAO. Induction of testicu- 
lar homogenate+CFA+BP-induced EAO requires the BP as an adjuvant. The Bphs 
locus controls the phenotypic expression of susceptibility to BP-induced histamine 
sensitization (Wardlaw 1970). Mice which possess a susceptible allele at this locus 
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die from hypovolemic shock following histamine challenge. Therefore, susceptibil- 
ity to the induction of EAO is associated with the locus controlling BP-induced 
sensitivity to histamine, which for histamine is a single bob-H-2-linked dominant 
autosomal (Teuscher 1985, 1986; Sudweeks et al. 1993; Meeker et al. 1999; Ma 
et al. 2002; Noubade et al. 2007). Orch-3 is the most important immunosuppressive 
locus controlling dominant resistance to EAO (Del Rio et al. 2012). Using congenic 
mapping, kinesin family member 1C was identified as a positional candidate for 
Orch-3. Furthermore, overexpression of the kinesin family member 1C-resistant 
allele in susceptible mice rendered mice EAO resistant. Additionally, failure to 
induce testicular homogenate+CFA+BP-induced EAO in C3H/He (H-2*) mice was 
noted because of that this strain is highly susceptible to TGC-induced EAO (Itoh 
et al. 1991a, b, c). This indicates that controls of testicular antigen+CFA+BP- 
induced EAO and TGC-induced one are genetically different. 

To investigate whether the frequency of natural Treg (CD4*CD8-TCR*Foxp3* 
cells) in the lymph node is associated with resistance to EAO, the frequency of natu- 
ral Treg in adult B10.S mice (EAO-resistant strain) was compared with that of adult 
SJL/J mice (EAO-susceptible strain) (Del Rio et al. 2011). The results showed that 
the frequency of natural Treg of B10.S mice was greater than that of SJL/J mice, 
correlating with susceptibility and resistance to EAO. 


5.2.4.9 The Effect of Vasectomy on EAO 

The effect of vasectomy followed by immunization with testicular antigens+CFA+BP 
3 weeks later on EAO was investigated (Wheeler et al. 2011). Rapid cell apoptosis 
and necrosis of epididymal epithelium, persistent inflammation, and spermatic 
granulomata formation were induced in vasectomized mice; however, they did not 
have EAO in spite of immunization with testicular antigens+CFA+BP. Similar phe- 
nomenon was also found in another EAO model induced by immunization with 
TGC alone; mice receiving sham-vasectomy and the following TGC immunization 
had EAO; however, no EAO was found in the testes of any mice receiving vasec- 
tomy and the following TGC immunization (Qu et al. 2008). Vasectomized mice 
immunized with testicular antigens+CFA+BP developed sperm antigen-specific tol- 
erance and exhibited resistance to induction of EAO but not experimental autoim- 
mune encephalomyelitis. This organ-specific tolerance switches over to pathologic 
autoimmune state following concomitant CD4*CD25*Foxp3* Treg depletion; uni- 
laterally vasectomized mice produce dominant autoantibodies to an orchitogenic 
antigen (zonadhesin) and develop CD4* T cell- and antibody-dependent bilateral 
EAO by testicular antigens+CFA+BP immunization. Thus, sperm antigens released 
from the post-vasectomy epididymal granulomata induce tolerance or autoimmu- 
nity depending on the balance of Treg and effector T cell responses. Approximately 
65% of the testis-infiltrating T cells expressed CD4; among them, 20% had poten- 
tial to produce IFN-gamma, and fewer than 2% produced IL-17. Importantly, CD4* 
T cells from mice with post-vasectomy EAO transferred severe EAO to syngeneic 
recipients. Notably, only the CD4* T cells from the testis-draining lymph nodes 
were pathogenic. This indicates that deviation of intrinsic Treg can influence the 
divergent tolerogenic versus autoimmune response to vasectomy. 
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5.2.4.10 The lmmune-Endocrine Milieu in EAO 

A significant increase in the number of Leydig cells was observed in rats with 
EAO. Most Leydig cells exhibited features of active steroid-secreting cells and 
closely associated with macrophages during EAO. Moreover, rats with EAO had 
significantly increased intra-testicular testosterone, and serum luteinizing hormone 
did not change in any immunized animals (Suescun et al. 1994). In vitro experi- 
ments, Leydig cells from rats with EAO exhibited an enhanced steroidogenic 
response to human chorionic gonadotropin (Suescun et al. 1997). An increase in 
testosterone production by Leydig cells incubated with macrophage-conditioned 
media from testicular, but not peritoneal, macrophages of rats with EAO was also 
observed (Suescun et al. 2000). In regard to the seminiferous epithelium of EAO- 
affected rats, serum levels of follicle-stimulating hormone in EAO-affected rats 
were two- to threefold higher than those of controls. Strong expressions of the 
inhibin-alpha subunit in Sertoli cells were observed in control rats; however, this 
subunit was undetectable or poorly detectable in rats with EAO. A significant 
decrease in circulating inhibin B, a product by Sertoli cells, was also observed in 
rats with EAO, so an inverse correlation between inhibin B and follicle-stimulating 
hormone were found (Suescun et al. 2001). This means that both circulating inhibin 
B levels and inhibin-alpha subunit expression in Sertoli cell cytoplasm closely cor- 
relate with the degree of damage of the seminiferous epithelium. 

On the other hand, Fijak et al. (2011) reported decreased levels of testosterone 
and increased follicle-stimulating hormone concentrations in serum of rats with 
EAO. This indicates that the detrimental influence of EAO extends to the dysfunc- 
tion of not only seminiferous epithelium (TGC and Sertoli cells) but also Leydig 
cells. Considering the immunosuppressive activity of testosterone, the effect of sub- 
cutaneous testosterone implants on EAO induction was examined in rats. In rats 
immunized with testicular homogenate+tCFA+BP on days 0, 14, and 28, testoster- 
one capsule were implanted subcutaneously on day 20. EAO incidence was signifi- 
cantly reduced in animals that had been treated with testosterone implants when 
compared with that in positive control animals receiving testicular antigens+CFA+BP 
immunization alone (Fijak et al. 2011). Expression of pro-inflammatory mediators 
such as monocyte chemoattractant protein-1, TNF-alpha, and IL-6 in the testis and 
secretion of Th! cytokines such as IFN-gamma and IL-2 by mononuclear cells iso- 
lated from testicular draining lymph nodes were significantly decreased in testoster- 
one-implanted rats. In the testis, testosterone implants prevented the accumulation 
of testicular macrophages and CD4* T cells with a strong concomitant increase of 
Treg (CD4*CD25*Foxp3* T cells), suggesting that testosterone play a role on the 
differentiation of Treg. Generation of CD4*CD25*Foxp3* Treg in Leydig cell-con- 
ditioned media was determined to investigate the influence of testosterone (Fijak 
et al. 2015). Leydig cell-conditioned media dose-dependently stimulated expression 
of transcription factor Foxp3 and secretion of IL-10 in splenic CD4* T cells, and 
these effects were abolished by addition of the anti-androgen flutamide. In isolated 
Sertoli and peritubular myoid cells, testosterone pretreatment suppressed the lipo- 
polysaccharide-induced inflammatory response on TNF-alpha mRNA expression, 
while no effect was evident in testicular macrophages. Therefore, androgens can 
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influence the immune system by the generation and functional differentiation of 
Treg under normal conditions and by direct effect on Sertoli cells and peritubular 
myoid cells during testicular inflammation. 

balb/cByJ substrain mice are highly susceptible to the induction of EAO, whereas 
balb/cJ mice are resistant (Teuscher et al. 1985b, 1987a). However, these two sub- 
strains do not differ significantly from each other in their mean serum testosterone 
levels, suggesting that the EAO-resistant phenotype exhibited by balb/cJ mice is not 
a result of the immunosuppressive effects of testosterone (Steenstra et al. 1989). 


5.2.5 EAO Induced by Immunization with Testicular Antigens 
and Klebsiella Lipopolysaccharide 


EAO in mice is induced by repeated injection at intervals of 30 days of a mixture of 
syngeneic testis homogenate and Klebsiella 3 lipopolysaccharide as a potent adju- 
vant (Yokochi et al. 1990; Fujii et al. 1991) (Fig. 5.1). At 10 days after the second 
immunization, there was marked infiltration of neutrophils in the seminiferous 
tubules and the testicular interstitium, followed by destruction of the seminiferous 
tubules and the spermatogenic disturbance. At 20 days after the second immuniza- 
tion, infiltration with neutrophils was replaced by lymphocytes, plasma cells, and 
macrophages. After the tenth immunization, the EAO lesions at terminal stage were 
characterized by complete destruction of the tubular architecture of the testis and 
fibrosis. DTH against testicular antigens developed in the immunized mice. The 
antisera obtained from mice with EAO lesions defined several testicular antigens 
with molecular weights of 38, 86, 100, and >200 kDd. The acrosomal 86 kDa anti- 
gen is predominantly expressed in the testis, while the 100 kd antigen is dominant 
in the epididymal spermatozoa. These antigens were organ specific and exclusively 
present on the acrosome of spermatozoa, suggesting that these acrosomal antigens 
were highly relevant to EAO. 


5.2.6 EAO Induced by Intraperitoneal Injection with Both TGC 
and Listeria monocytogenes 


In mice that had received intraperitoneal injection with both TGC and virulent 
Listeria monocytogenes, specific DTH and proliferative response against TGC were 
observed, although the intraperitoneal injection with TGC alone or virulent Listeria 
monocytogenes alone did not induce such a significant response (Sonoda et al. 
1997). Histologically, mice injected with both TGC and virulent Listeria monocyto- 
genes had EAO lesions, but the mice injected with TGC alone or virulent Listeria 
monocytogenes alone did not (Fig. 5.1). This EAO was not caused by the direct 
invasion of virulent Listeria monocytogenes into the testis, because the bacteria 
were not detected in the EAO-affected testis. In contrast, the intraperitoneal co- 
injection with avirulent Listeria monocytogenes and TGC induced neither TGC- 
specific DTH nor proliferative response and thus failed to induce EAO. 
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5.2.7 EAO Induced by Adoptive Transfer of Listeria 
monocytogenes-Induced Macrophages with TGC 
Autoantigens 


Listeria monocytogenes is a facultative intracellular pathogen that grows in the 
cytoplasm of infected host cells. Listeria monocytogenes is able to survive in the 
cytoplasm by escaping from phagosomes. Mac-1* peritoneal macrophages were 
obtained from mice that had been intraperitoneally inoculated with virulent or avir- 
ulent Listeria monocytogenes 4 days before. However, no viable bacteria were 
detected from the macrophage preparation in a colony-forming assay. After the 
preparation, 5 x 10° Listeria monocytogenes-induced peritoneal macrophages were 
transferred intraperitoneally to naive syngeneic mice with TGC autoantigens. In 
mice injected with virulent Listeria-induced macrophages but not in those injected 
with avirulent Listeria-induced ones, EAO involving many testicular T cells was 
induced with specific DTH against TGC, although DTH against Listeria antigen 
was significantly and similarly induced by both virulent and avirulent Listeria- 
induced macrophages (Sonoda et al. 1997) (Fig. 5.1). The injection of virulent 
Listeria-induced macrophages in the absence of TGC autoantigens elicited neither 
TGC-specific DTH nor EAO, suggesting the importance of the coexistence. It was 
also noted that virulent Listeria-induced macrophages themselves did not directly 
damage testes. 

The MHC class II expression was similarly upregulated on both virulent Listeria- 
induced and avirulent Listeria-induced macrophages. However, differing from the 
avirulent Listeria-induced macrophages, the virulent Listeria-induced macrophages 
expressed a high level of CD80 (B7-1) and CD86 (B7-2) molecules. CD80 is a 
protein found on activated monocytes that provides a costimulatory signal neces- 
sary for T cell activation and survival, and it works in tandem with CD86 to prime 
T cells. Therefore, macrophage activation by virulent Listeria monocytogenes is 
important, and the upregulation of B7 molecules by virulent Listeria infection may 
be a candidate of the mechanism for activation of autoreactive T cells. To investi- 
gate the mechanism of this EAO, functions of not only autoreactive T cells but also 
antigen-presenting cells which present autoantigens to effector T cells must be fur- 
ther studied. 


5.2.8 EAO Induced by Immunization with Mouse F9 Embryonic 
Carcinoma Cells+CFA 


T cells obtained from mice sensitized with mouse H-2-negative F9 embryonic carci- 
noma cells (derived from 129/Sv mice) and rechallenged in vitro with irradiated F9 
stimulator cells differentiated into anti-F9 cytotoxic T cells, which can lyse synge- 
neic spermatogonia (Wagner et al. 1978). This confirmed the antigenic similarity 
between F9 embryonic carcinoma cells and spermatogonia. The spermatogenic dis- 
turbance accompanied by appearance of autoantibodies against TGC were observed 
after syngeneic, allogeneic, and xenogeneic immunization with mouse F9 embryonic 
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carcinoma cells+CFA in 129/Sv mice, balb/c mice, and albino guinea pigs (Vojtiskova 
et al. 1983). This indicates that F9 embryonal carcinoma cells have orchitogenic 
antigens, which are common antigens among syngeneic, allogeneic, and xenogeneic 
animals (Fig. 5.2). 

In guinea pigs, anti-F9 sera were produced by immunization with mouse F9 
embryonic carcinoma cells+CFA. Short-term administration of the globulin frac- 
tions of the anti-F9 sera produced in guinea pigs resulted in a significant spermato- 
genic disturbance, suggesting a participation of not only cellular but also humoral 
autoimmunity in EAO lesion (Pokorna et al. 1984). 

In another study, repeated intraperitoneal administration of F9 carcinoma cells to 
guinea pigs starting from birth prevented the induction of EAO by subsequent 
TGC+CFA-immunization, implying the induction of specific Treg by way of repeated 
and intraperitoneal exposure of F9 cells at neonatal period (Vojtiskova et al. 1984). 


5.2.9 EAO Induced by Immunization with Chemically Modified 
Seminal Plasma+CFA 


Seminal plasma is mixed fluid secreted from the testis, epididymis, prostate gland, 
seminal vesicle, and bulbourethral gland. It should include various autoantigens in 
male reproductive tract. For preparation of chemically modified seminal plasma, 
native semen samples were centrifuged to remove spermatozoa, and the proteins of 
the collected seminal plasma were coupled to diazonium derivatives of sulfanilic and 
arsanilic acid. Prepared seminal plasma materials incorporated with CFA were subcu- 
taneously injected at 0, 30, and 50 days. Immunization with chemically modified 
seminal plasma+CFA induced EAO accompanied by the appearance of autoantibod- 
ies against the seminal plasma proteins as well as against testicular antigens in rabbits 
(Yantorno et al. 1971) (Fig. 5.2). The spermatogenic disturbance in atrophied seminif- 
erous tubules was invariably observed, but the hyperplasia of Leydig cells, interstitial 
infiltration of leukocytes, and thickening of basement membrane of the seminiferous 
tubular wall were rare in the immunized rabbits. In contrast, when accessory gland 
extract was chemically modified and then used as the sensitizing materials instead of 
seminal plasma, the repeated immunization failed to induce EAO. 


5.2.10 EAO Induced by Immunization of Fluid of Seminal 
Vesicles+CFA 


Vulchanov (1969) has shown that immunization with seminal vesicular fluid induced 
EAO with epididymitis in guinea pigs with the aid of adjuvant (Fig. 5.2). Seminal 
vesicular fluid was collected directly from seminal vesicles of dissected donors and 
emulsified with CFA. Each animal received four injections of seminal vesicular 
fluid+CFA on days 0, 13, 29, and 32. In EAO lesion, the mononuclear cell infiltration 
of the testicular interstitium and the atrophy of the seminiferous tubules were 
observed, but the Sertoli cells seemed to be intact. This indicates that accessory sex 
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glands also take part in inducing reproductive autoimmunity leading to EAO. The 
EAO resulting from immunization with seminal vesicular fluid antigens cannot be 
explained by autoantigens shared with spermatozoa since there was insignificant 
cross-reactivity between the antisera against seminal vesicular fluid and the sperma- 
tozoa. Autoantigens of seminal vesicle relevant to this EAO has not yet determined, 
but there remains a possibility of the presence of common antigens between the tes- 
ticular proteins and the seminiferous vesicular fluid ones. 


5.2.11 EAO Induced by Local Transfer of Lymphocytes Cultured 
with Testicular Cells in the Presence of Xenogeneic Sera 


Normal lymph node cells of rats cultured with autologous dissociated testis cells 
form rosette-like aggregates and later undergo blast transformation and prolifera- 
tion (Wekerle and Begemann 1976, 1977, 1978). Autoreactive T cells were induced 
by in vitro stimulation of rat T cells with autologous testicular cells in culture 
medium supplemented with horse serum. These stimulated lymphocytes caused 
EAO lesions in vivo, when injected locally into syngeneic recipients. It therefore 
appears that testicular self-antigens are recognized by clonally preformed autolo- 
gous lymphocytes. However, instead of horse serum, supplementation of autolo- 
gous serum into culture medium prevented in vitro-induced EAO. In particular, 
syngeneic serum is more effective than allogeneic one for prevention of 
EAO. Furthermore, autologous male serum is a markedly stronger inhibitor in EAO 
induction than syngeneic female serum (Wekerle and Begemann 1977). It indicates 
that syngeneic serum is an inhibitor for autoimmune reactions, and xenogeneic 
serum functions as an adjuvant (Fig. 5.1). The self-reactivity of individual rats of 
varying ages (3—26 months) was compared by testing the in vitro EAO responsive- 
ness. In parallel, their reactivity to alloantigens and a polyclonal T lymphocyte acti- 
vator (Con A) was monitored (Wekerle 1978; Kyewski and Wekerle 1978). The 
results showed a decrease in the alloantigen and the mitogen responsiveness in aged 
rats (from 20 months on) compared to young controls (3 months). In contrast, the 
self-reactivity was in all cases significantly increased in aged rats. It was also found 
that the increased EAO response was not dependent on age-dependent changes of 
the target autoantigens in the testis. Therefore, an age-dependent loss of Treg may 
play an active role in the pathogenesis of autoimmune diseases involving EAO in 
the aging organism. 

EAO can be also induced by thymic lymphocytes autosensitized against synge- 
neic Sertoli cells in vitro (Tung and Fritz 1984) (Fig. 5.2). Thymic lymphocytes 
from normal rats were co-cultured with syngeneic Sertoli cell-peritubular cell prep- 
arations in the presence of xenogeneic or allogeneic serum. Local transfer of such 
lymphocytes into syngeneic rat testes resulted in EAO; however, thymic lympho- 
cytes incubated with Sertoli cells in autologous or syngeneic serum did not elicit 
these changes. These in vitro experimental systems offer an approach for analysis of 
the cellular interactions at the beginning and during EAO and for the determination 
of the self-antigens involved. 
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5.2.12 EAO-Like Lesion Induced by Intraperitoneal Injection 
with Infectious Agents Other Than CFA or BP 


As described above, CFA+BP treatment produces ASJA-like condition, in which 
both production of anti-TGC autoantibodies and development of cytolytic activity 
of T cells against TGC are inducible without the use of any testicular antigens for 
sensitization (Ben et al. 1986; Musha et al. 2013). 

Lipopolysaccharide of Escherichia coli is also well known to trigger an autoin- 
flammatory response in various organs involving the testis when administered intra- 
peritoneally or intravenously (Sliwa et al. 2009) (Fig. 5.1). The blockage of cell 
divisions by lipopolysaccharide leaded to the degeneration of seminiferous epithe- 
lium and the decrease of number of spermatozoa in the lumen of seminiferous 
tubules. The number of testicular macrophages rose quickly, and it remained con- 
stant until day 28 after the administration of lipopolysaccharide (Sliwa et al. 2009). 
In next experiments, adult TCR alpha-beta~, TCR gamma-delta’~, CD1d-, and 
beta2m™^ mice and control mice were intraperitoneally injected with lipopolysac- 
charide. The animals were killed 24 h and 10 days post-lipopolysaccharide treat- 
ment. Histological changes in the testes such as disturbance of Leydig cell structure, 
blood vessel dilatation, and the spermatogenic disturbance were found only in con- 
trol mice (Sliwa et al. 2014). Lack of either TCR alpha-beta* CD8* or TCR gamma- 
delta* lymphocytes diminished the response of testicular macrophages to 
lipopolysaccharide, whereas the absence of CD1d-dependent NKT cell does not 
affect macrophage reactivity. Therefore, lack of TCR alpha-beta* CD8* and TCR 
gamma-delta* lymphocytes ameliorate lipopolysaccharide-induced orchitis in mice. 

Testicular inflammation and spermatogenic disturbance were also induced by 
intraperitoneal inoculation of Leishmania donovani in hamsters (Gonzalez et al. 
1983) (Fig. 5.1). Lymphocytes and plasma cells infiltrates with macrophages con- 
taining Leishmania appeared in the testicular interstitium with progressive testicular 
atrophy. Amyloid deposits in the intertubular space and tubular basal lamina were 
identified, suggesting that testicular amyloidosis may have a pathogenic mechanism 
related to a dysfunction of plasma cells and stimulation of the reticuloendothelial 
system, due to the antigenic character of the parasite. However, intraperitoneal 
injection with Listeria monocytogenes alone did not induce testicular inflammation 
(Sonoda et al. 1997). 

Testicular lesions were induced in mice by intraperitoneal injection with low 
dose of encephalomyocarditis virus (Yamanouchi-Ueno et al. 2004) (Fig. 5.1). The 
IFN-gamma and iNOS mRNAs expression in the testis and spleen was prominently 
elevated at 7 days postinoculation, although the expression level of TNF-alpha 
mRNA was not affected. Signals of viral RNA were clearly detected in degenerative 
seminiferous epithelium, which was surrounded by a small number of macrophages 
and a few CD4* cells and CD8* cells. At 35 days post-injection, marked atrophy of 
seminiferous epithelium composed of Sertoli cells alone was observed, and there 
were almost no infiltrating cells detected. In mice injected with high dose of enceph- 
alomyocarditis virus, prominent infiltration of neutrophils was observed in and 
around the affected seminiferous epithelium (Ueno et al. 1996, 1997). 


152 5 Testicular Autoimmunity by the Immuno-Potentiating Treatments 


Autoimmune responses against TGC antigens or other testicular antigens have 
not been investigated in animals treated with Escherichia coli lipopolysaccharide, 
encephalomyocarditis virus, and Leishmania donovani. 

In rabbits injected intraperitoneally with a myxoma virus, systemic disease was 
evoked with viral replication to high titers in the testes (Fountain et al. 1997). In their 
testes, interstitial orchitis with the spermatogenic disturbance and impaired steroido- 
genesis was found (Fig. 5.1). Virus was localized within the interstitial cells, and 
anti-sperm autoantibodies were present in the serum as early as 5 days after the 
infection. 


5.2.13 EAO-Like Lesion Induced by Exposure to Endocrine 
Disruptors 


Phthalate has been used as a plastic plasticized for synthetic polymers and well- 
known toxicant as an endocrine disruptor. Exposure to mono- or di-(2-ethylhexyl) 
phthalate of high doses has been reported to induce the spermatogenic disturbance 
through oxidant stress and affect the immune system as an adjuvant (Fig. 5.1). After 
exposure to phthalate of low doses in mice by giving daily food containing di-(2-eth- 
ylhexyl) phthalate, lymphocytes and F4/80* macrophages involving MHC class 
II-positive cells were significantly increased with a slight disturbance of spermato- 
genesis in their testes (Kitaoka et al. 2013). In particular, lymphocytes accumulated 
around the tubuli recti. In the treated testes, both IL-10 and IFN-gamma mRNA 
expressions were elevated (Kitaoka et al. 2013), and a significant increase in mono- 
cyte chemoattractant protein-1 by peritubular myoid cells also occurred after phthal- 
ate exposure (Murphy et al. 2014). Histochemical analyses involving horseradish 
peroxidase as a tracer showed that a little blood-borne horseradish peroxidase had 
infiltrated into the lumen of a few seminiferous tubules beyond the BTB, and serum 
anti-TGC autoantibodies were produced in the phthalate-treated mice (Kitaoka et al. 
2013; Hirai et al. 2015). In contrast, in mice treated with busulfan (an alkylating 
agent exhibiting testicular toxicity), severe spermatogenic disturbance was induced; 
however, there is no significant infiltration of lymphocytes into their testes, and sig- 
nificant serum anti-TGC autoantibodies were not detected (Qu et al. 2017). 

Titanium dioxide nanoparticles as endocrine disruptors have been demonstrated 
to be able to cross the BTB and induce infiltration of inflammatory cells and apopto- 
sis/necrosis of TGC and Sertoli cells (Hong et al. 2016) (Fig. 5.1). Furthermore, 
expressions of Tyro-3, Axl, and Mer were decreased, and expressions of TLR3, 
TLR4, IL-1-beta, IL-6, TNF-alpha, IFN-alpha, and IFN-beta were increased. Three 
members of a receptor tyrosine kinase family, including Tyro-3, Axl, and Mer, are 
collectively called as TAM receptors, which are essential for phagocytic removal of 
apoptotic cells and regulating immune response (Deng et al. 2016). Although analy- 
ses of autoimmune responses against testicular autoantigens have not been examined 
in titanium dioxide nanoparticle-treated mice, the testicular lesion may be associated 
with dysfunction of TAM/TLR3-mediated signal pathway (Sun et al. 2010). 
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Testicular Autoimmunity by Local Injury 6 
of the Testis in Experimental Animals 


6.1 Introduction 


Experimental autoimmune orchitis (EAO) can be induced by various local factors in 
the testis, without depending on systemic immunization with testicular antigens. The 
factors include traumatic injury, obstruction of germ cell transport, thermal injury, 
and foreign body injection, which induce a disruption of the BTB with the resultant 
exposure of TGC autoantigens to the immune system. 


6.2 Various EAO Models by Local Injuries 
6.2.1 EAO Induced by Traumatic Injury of Unilateral Testis 


If the BTB is severely damaged, the autoimmunogenic TGC leaks out beyond the 
BTB, causing a continuous supply of autoantigens with the resultant testicular 
inflammation. Fainboim et al. (1976) reported immunologic response in the testes 
of guinea pigs after unilateral traumatic orchitis (Fig. 6.1). They found that foci 
showing the classical picture of EAO appeared in the contralateral testis. Later, in 
mice, Naito et al. (2009a) also demonstrated that rupture of one testis by a scissor 
induced EAO in the contralateral testis (=sympathetic EAO). Traumatic rupture of 
unilateral testis induced significant DTH against TGC (Sakamoto et al. 1995; Naito 
et al. 2009a). The DTH response to TGC by testicular trauma was induced without 
any active immunization with TGC and was further enhanced by treatment with 
cyclophosphamide before the trauma and was significantly suppressed by cyclospo- 
rine A (Sakamoto et al. 1995, 1998). The traumatized testes undergo early degenera- 
tion of the seminiferous epithelium followed by neutrophilic inflammation and later 
fibrosis with little lymphocytic infiltration. In the contralateral testes, EAO charac- 
terized by both lymphocytic inflammation and spermatogenic disturbance was 
induced. 
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Fig. 6.1 EAO induced by testicular injuries followed by stimulation and proliferation of patho- 
genic T effector cells 


In this sympathetic EAO model, adeno-associated virus-mediated human IL-10 
gene transfer suppressed the disease development (Watanabe et al. 2005). A single 
intramuscular injection of IL-10 gene into mice with the testicular trauma signifi- 
cantly suppressed both EAO and DTH against TGC. In the EAO-suppressed mice, 
serum IL-10 peaked at 3 weeks after the injection, and numbers of IFN-gamma and 
IL-2-expressing cells in the spleen and testes were significantly fewer. The results 
are in contrast to the aggravating effect of exogenously administered IL-10 on TGC- 
induced EAO (Kaneko et al. 2003). 


6.2.2 EAO Induced by Spermatic Cord Torsion of Unilateral 
Testis 


Torsion of the spermatic cord results in vascular changes that can range from partial 
venous obstruction to complete occlusion of the testicular artery (Hirai et al. 2017). 
The damage of BTB undergoing experimental torsion of the spermatic cord also 
induced sympathetic EAO in the contralateral testis of rats and rabbits (Nagler and 
White 1982; Cerasaro et al. 1984; Rodriguez et al. 2006) (Fig. 6.1). In this model, 
animals were subjected to 720 degree unilateral spermatic cord torsion. In rats, the 
maximal degree of the spermatogenic disturbance was seen 30 days after torsion in 
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the contralateral testis, in which T cells, mast cell, and macrophages increased in 
number. TNF-alpha concentration and the number of TNF receptor-positive TGC 
were also increased in the contralateral testis (Rodriguez et al. 2006). This contra- 
lateral EAO was prevented if splenectomy was performed on the rats with unilateral 
twisted testis (Nagler and White 1982). In rabbits, there were no differences of 
severity of contralateral EAO between animals that had received unilateral testis 
torsion alone and animals that had received detorsion at 36 h or 96 h. Salvaged uni- 
lateral testes after detorsion became atrophic and that detorsion did not protect the 
contralateral testis from EAO induction (Cerasaro et al. 1984). However, orchiec- 
tomy of the unilateral twisted testis appeared to protect the contralateral testis from 
EAO (Nagler and White 1982). 


6.2.3 EAO Induced by Vasectomy or Vasoligation of Unilateral 
Testis 


Vasectomy, a common male contraceptive approach, often results in immune 
responses to sperm antigens. In vasectomized animals and humans, the epididymis 
underwent epithelial cell apoptosis followed by necrosis, severe inflammation, and 
granuloma formation (spermatic granuloma) as a result of extravasated spermato- 
zoa by vasectomy, creating a localized endogenous danger signal (Rival et al. 2013). 
In vasectomized rabbits, guinea pigs, monkeys, and mice, post-vasectomy EAO has 
been documented (Bigazzi et al. 1976; Tung 1978; Tonsy et al. 1979; Tung and 
Alexander 1980; Anderson and Alexander 1981) (Fig. 6.1). The post-vasectomy 
EAO is associated with deposition of IgG and complement on the basal lamina of 
the seminiferous tubules. These lesions are frequently accompanied by mononu- 
clear cell infiltration and destruction of seminiferous epithelium. Some studies 
revealed the induction of both humoral and cellular autoimmune responses directed 
against sperm antigens after vasectomy (Ansbacher 1973; Alexander and Tung 
1977; Herr et al. 1987; Nashan et al. 1990; McDonald and Halliday 1992; Flickinger 
et al. 1994, 1995, 1996). The post-vasectomy EAO is likely resulted from continu- 
ous stimulation by exposed sperm antigens coming from the inflamed epididymis. 
Indeed, testicular lymph and lymph nodes contained spermatozoa in men, rams, and 
boars after vasectomy (Ball et al. 1982; Ball and Setchell 1983). Such direct access 
of spermatozoa to lymph nodes is likely to provide a powerful stimulus to the devel- 
opment of anti-sperm autoimmunity. 

In guinea pigs, EAO is developed 14 months after vasoligation. Furthermore, a 
similar histopathology was found in unoperated testes after unilateral vasoligation, 
and peritoneal exudate cells from vasoligated guinea pigs transferred identical 
lesions to syngeneic recipients (Tung 1978). Blood flow or lymphatic drainage in 
the testis and epididymis may be changed by vasectomy or vasoligation (Itoh et al. 
1998a). It is known that the ducts of the caput epididymis are the sites of absorption 
of various materials leaving the testis. Therefore, vasectomy or vasoligation may 
allow the epididymal ducts to absorb testis-secreting materials, including autoanti- 
gens of mature spermatids, more strongly and to leak or excrete some of the absorbed 
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autoantigens to the outside of the ducts. Actually, Johnson and Howards (1975, 
1976, 1977) reported the leakage of epididymal spermatozoa from the caput epi- 
didymal ducts after vasectomy in guinea pigs and hamsters. It was also found that 
the levels of IFN-gamma, IL-6, and IL-10 in the epididymides strikingly increased 
with vasectomy alone (Qu et al. 2008). 

Serum autoantibodies from vasectomized rats bound autoantigens of approxi- 
mately 86 kDa, 63 kDa, 43 kDa, and 20 kDa of sperm extract and autoantigens of 
approximately 76 kDa, 60 kDa, and 42 kDa of testicular extracts (Handley et al. 
1988). Immunohistochemically, autoantigens of 63 kDa and 43 kDa were synchro- 
nously expressed in the cytoplasm of spermatids (Handley et al. 1991). On immuni- 
zation with syngeneic TGC alone, EAO is induced in mice with no involvement of 
autoimmune epididymitis (Itoh et al. 199 1a, b). In contrast, autoimmune epididymi- 
tis with no EAO can be induced in vasectomized mice by immunization with TGC 
(Qu et al. 2008). The appearance of autoantigens relevant to EAO or autoimmune 
epididymitis was investigated by reaction of each immune serum with testicular and 
epididymal extracts from normal mice of various ages by immunoblotting. The 
results showed that the antisera obtained from mice with TGC-induced EAO lesions 
specifically defined testicular antigens with molecular weights of 15 kDa, 40 kDa, 
75 kDa, and >200 kDa from 4 weeks of age, but the antisera obtained from mice 
with autoimmune epididymitis induced by vasectomy+TGC-immunization strongly 
defined testicular antigens of 25 kDa from 5 weeks of age and epididymal antigens 
of 25 kDa from 8 weeks of age (Qu et al. 2010). This suggests that vasectomy 
changes the target autoantigens in TGC-induced autoimmunity. 

It has been demonstrated that autoreactive lymphocytes could preferentially gain 
access to the tubuli recti and the rete testis where BTB is incomplete. (Dym and 
Fawcett 1970; Aoki and Fawcett 1975; Itoh et al. 1995a, b, 1998b). Indeed, a focal 
lymphocytic infiltration was faintly and occasionally found in vasectomized mice 
(personal observation). However, vasectomy may increase the hydrostatic pressure 
in the epididymal ducts rather than the tubuli recti and the rete testis. This may result 
in possible leakage of more germ cell autoantigens into the epididymal interstitium, 
followed by autoimmune epididymitis (Qu et al. 2008). Therefore, ligation of duct- 
uli efferentes rather than vasectomy may affect the integrity of BTB. The permeabil- 
ity of Sertoli cell tight junctions to lanthanum, a blood-borne tracer, has been 
compared in rats after ligation of the vas deferens and after ligation of the ductuli 
efferentes (Neaves 1978). In vasectomized rats, lanthanum penetrated only short 
distance into the Sertoli cell tight junctions; thereby, the BTB prevented diffusion of 
lanthanum into the adluminal compartment of the seminiferous epithelium. In con- 
trast, lanthanum completely penetrated many Sertoli cell tight junctions and occu- 
pied intercellular spaces of the adluminal compartment in rats that had received 
ligation of the ductuli efferentes. Therefore, ligation of the ductuli efferentes is very 
effective in eliciting change in the BTB. A later study demonstrated the breakdown 
of the BTB by ligation of the ductuli efferentes is reversible (Tao et al. 2000). 
Clinically, a spermatocele refers to the cystic accumulation of semen in the male 
reproductive tract because of the blockade of the germ cell flow. Considering that 
the spermatocele is thought to be caused by narrowing of the lumen of the excurrent 
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duct with resultant cystic dilatation of the duct, the ductuli efferentes should be most 
vulnerable to the lumen occlusion. Actually, a senile change of the seminiferous 
epithelium, which releases agglutinated germ cells into the lumen of the seminifer- 
ous tubules, occupied the very narrow lumen of the ductuli efferentes with TGC, 
resulting in the blockade of TGC flow at the rete testis (Itoh et al. 1999). Therefore, 
occlusion of the ductuli efferentes may also break down the BTB, increasing sus- 
ceptibility to EAO. 

It is also noted that there are still conflicting reports on the immunological long- 
term effects of vasectomy. Vasectomized males represent a population whose 
immune potential may be compromised by leakage of sperm into the blood vascular 
system. Diminished T cell function after vasectomy has been reported in rhesus 
monkeys (Wilson et al. 1979), but none was revealed in mice (Anderson and 
Alexander 1981). The effect of vasectomy on EAO was investigated in the neonatal 
thymectomy model, in which neonatal thymectomy on day 3 induces multiple 
organ-localized autoimmune diseases involving EAO. The incidence of EAO was 
found to increase when day 3-thymectomized mice received vasectomy on day 60 
after birth (Taguchi and Nishizuka 1981) (Fig. 6.2). Kojima and Spencer (1983) also 
reported that vasectomy increased the incidence of testicular atrophy in day 
3-thymectomized mice. 

Qu et al. (2008) demonstrated that vasectomized mice became resistant to active 
EAO induction; mice receiving sham-vasectomy and the following TGC immuniza- 
tion had EAO with no epididymitis. In sharp contrast, no EAO was found in the testes 
of any mice receiving vasectomy and the following TGC immunization. Instead, 
caput epididymitis involving infiltration of CD4* T cells, CD8* T cells, B cells, and 
macrophages was induced in them with striking elevation of the epididymal tissue 
levels of both IL-6 and IL-10 mRNA (Qu et al. 2008). Therefore, vasectomy sup- 
pressed EAO and alternatively induced caput epididymitis (Fig. 6.2). Later, in other 
studies, it was demonstrated that vasectomized mice did not develop any post-vasec- 
tomy EAO lesion. Instead, they became resistant to EAO induction by testicular 
antigens+CFA+BP-immunization but are sensitive to experimental autoimmune 
encephalomyelitis (Wheeler et al. 2011) (Fig. 6.2). This testis-specific tolerance is 
long lasting and has continued for at least 12-16 months; however, the specific toler- 
ance in vasectomized mice switched over to pathologic autoimmunity following 
concomitant depletion of CD4* CD25* Foxp3* Treg, unilaterally vasectomized mice 
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of which the Treg had been simultaneously depleted developed both cellular and 
humoral autoimmune responses against meiotic TGC antigens, resulting in post- 
vasectomy EAO bilaterally in spite of no active immunization with testicular 
antigens+CFA+BP. However, this post-vasectomy EAO did not occur in unilaterally 
vasectomized mice when Treg depletion was delayed by 1 week. Therefore, post- 
vasectomy EAO depends on a rapid “natural” Treg depletion just after vasectomy. 
However, the delayed Treg depletion at week 1 allowed active EAO induction by 
testicular antigenst+CFA+BP-immunization at week 3 in unilaterally vasectomized 
mice, although unilaterally vasectomy alone showed resistance to this active 
EAO. Therefore, a dynamic and fine balance between tolerance and autoimmunity 
was demonstrated in this disease model. Moreover, tolerance was blunted in unilater- 
ally vasectomized mice that are genetically deficient in PD-ligand1. The PD-1 recep- 
tor and its cognate PD-ligand1 are one of the major inhibitory ligand-receptor pairs 
that are highly expressed on Treg. The interaction of PD-1 and PD-ligand1 on T cells 
and antigen-presenting cells is critical for peripheral tolerance and autoimmunity 
prevention (Riella et al. 2012). Similar to the wild-type vasectomized mice, PD-1 
knockout mice that had been unilaterally vasectomized exhibited the resistance to 
active EAO by immunization with testicular antigens+CFA+BP. In contrast, 
PD-ligand1 knockout mice that had been unilaterally vasectomized were sensitive to 
this active EAO. Since previous studies have demonstrated that PD-ligand1! is 
required for the generation of “induced” Treg and maintenance of Foxp3 expression 
(Riella et al. 2012), the findings suggest the involvement of “induced” Treg on sup- 
pression of active EAO in vasectomized mice. Therefore, there may be two types of 
Treg in vasectomized mice, in which preexisting “natural” Treg may prevent post- 
vasectomy EAO, whereas “‘vasectomy-induced Treg” may maintain post-vasectomy 
tolerance (Rival et al. 2013). 


6.2.4 EAO Induced by Heating Injury of Unilateral Testis 


Testis heating suppresses spermatogenesis which is marked by TGC loss via apop- 
totic pathways. Recent studies demonstrated that heat triggers autophagy and apop- 
tosis in TGC (Zhang et al. 2012). EAO is induced in the untreated contralateral 
testis by unilateral heating injury in the guinea pig (Rapaport et al. 1969; Fernandez- 
Collazo et al. 1972) (Fig. 6.1). This sympathetic EAO is accompanied by humoral 
response and DTH against TGC. In thermally injured left testis, congested vessels, 
interstitial infiltration of both polymorphonuclear and mononuclear cells, and their 
infiltration into lumen of the seminiferous tubules were observed. Later, a fibrotic 
reaction appeared, followed by sclerosis of the testis. In the contralateral right testis, 
the lesions consisted of seminiferous tubules with sloughing of TGC, vacuolization 
of Sertoli cells, and mononuclear infiltration in the interstitial tissue, but no altera- 
tion in Leydig cells was observed (Fernandez-Collazo et al. 1972). 

It is known that the environmental temperature in the abdominal cavity or ingui- 
nal canal is 2 degrees higher than in the scrotum and is the reason for the damage to 
an undescended testis. It is noted that experimental unilateral cryptorchidism 
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induces pathologic changes leading to the spermatogenic disturbance in “both” tes- 
tes. A high non-physiological environmental temperature makes the BTB perme- 
able by immune cells. In the model of experimental unilateral testicular 
cryptorchidism using azathioprine as an immunosuppressant, the total number of 
spermatogonia in the ectopic as well as in the contralateral orthotopic testis increased 
significantly (Mengel and Zimmermann 1982). 

The effect of 43 C warming on cell junctions in the seminiferous epithelium was 
examined. Expressions of adherence junction-associated molecules, such as 
N-cadherin and beta-catenin, and tight junction-associated molecule zonula occludens 
protein 1 were significantly reduced in 24—48 h after heat treatment, indicating to 
disruption of the BTB (Chen et al. 2008). Analyses using chromium Cr°!-EDTA as a 
tracer also revealed that the BTB was less effective during the period of spermato- 
genic disruption following local 43 C heating of the testis (Setchell et al. 1996). 


6.2.5 EAO Induced by Freezing Injury of Unilateral Testis 


Unilateral multiple in situ freezing of the rabbit testis was shown to be an effective 
antigenic stimulus as evidenced by production of tissue-specific antibodies against 
testicular antigens (Ablin et al. 1971). In the unilateral testes receiving cryoinjury, 
coagulation necrosis is evidenced by homogenous eosinophilia of the tubular and 
vascular elements. Around the tubules, a moderate and diffuse fibroblastic- 
histiocytic infiltration, as well as a perivascular cuff of lymphocytes, was recog- 
nized. Histological studies of testicular biopsies of the contralateral testis of frozen 
animals revealed modest to extensive alterations consisting of degenerative changes 
in the seminiferous tubules accompanied by interstitial edema, interstitial hyperpla- 
sia, and the spermatogenic disturbance (Ablin 1972; Ablin and Soanes 1972). Mild 
to moderate interstitial mononuclear cell infiltration was also induced in the contra- 
lateral testis following the unilateral cryoinjury, indicating the induction of sympa- 
thetic EAO (Zappi et al. 1973, 1974) (Fig. 6.1). 


6.2.6 EAO Induced by Local Injection with Turpentine 
into Unilateral Testis and Intradermal Injection with CFA 


Turpentine is a fluid produced by the distillation of resin obtained from live trees. It 
can cause a local and prolonged inflammation when injected into the target tissues. 
In the guinea pigs that had received local injection with turpentine into unilateral 
testis and intradermal injection with CFA, histological examination of the locally 
injected unilateral testis showed a large central core of coagulation necrosis, in which 
the outlines of the seminiferous tubules remained visible (Boughton and Spector 
1963). Beyond the area of necrosis, the testis showed a zone of inflammatory cell 
infiltration, with fibrosis, extensive degeneration of the seminiferous tubules, and the 
interstitial edema. On the other hand, contralateral testis showed a patchy tubular 
degeneration among a great bulk of normal tubular zone on day 7 (Fig. 6.1). In the 
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affected tubules, there were no spermatozoa or spermatids, and primary and second- 
ary spermatocytes were disintegrating. The spermatogonia were relatively less 
affected, and the primary damage appeared to be in the spermatocytes. The Sertoli 
cells seemed unaffected, as did the interstitial tissues. In contrast, in animals receiv- 
ing intra-testicular turpentine without intradermal CFA injection, contralateral testis 
showed no tubular degeneration. Furthermore, in animals that had received intrader- 
mal injection with CFA without intra-testicular turpentine, the testes were macro- 
scopically and microscopically normal (Boughton and Spector 1963). 


6.2.7 EAO Induced by Local Injection with CFA into Unilateral 
Testis 


Eyquem and Krieg (1965) produced bilateral EAO by injecting a small amount of 
CFA alone into the left testis in rats, guinea pigs, and monkeys (Fig. 6.1). In CFA- 
injected unilateral testes, infiltration of mononuclear cells, resorption of the inocu- 
lated product in the granuloma, spermatogenic disturbance, and exudation of 
fibrinoid products were induced. In the contralateral testes, the spermatogenic dis- 
turbance was noted, but there was no apparent inflammatory cell response and gran- 
uloma. Boughton and Spector (1963) also tried similar experiments in guinea pigs; 
however, little damage in CFA-injected left testis and no detectable pathological 
changes in the contralateral testis were found. 


6.2.8 EAO Induced by Bilateral CFA Injection into Epididymides 


CFA was injected into cauda epididymides bilaterally in rats, in which the cauda was 
heavily infiltrated with polymorphonuclear leukocytes, lymphocytes, plasma cells, 
and macrophages (Tonsy et al. 1979). The cellular inflammatory infiltrate was also 
present in the regions of the corpus and caput epididymides. Furthermore, there was 
marked testicular degeneration. The testicular interstitium was infiltrated with lym- 
phocytes, plasma cells, and macrophages, which seemed to be crossing the wall of 
the seminiferous tubules. Multinucleated large macrophages were also noted in the 
seminiferous tubules. The basal lamina of the seminiferous tubules was externally 
thickened. There was almost complete absence of all TGC except for Sertoli cells. 
Occasionally, some tubules were distended with large numbers of spermatozoa and 
no other immature TGC. Sera of the injected rats were all positive for anti-sperm 
autoantibodies. 


6.2.9 EAO Induced by Intra-testicular Infection with Bacteria 
Infection is a candidate of a trigger of autoimmune diseases that occur in the natural 


course of the diseases. Guinea pigs were inoculated into the testis with viable Listeria 
monocytogenes, Escherichia coli, Pseudomonas aeruginosa, or Staphylococcus 
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aureus (Sanui et al. 1982, 1983). DTH skin reactions against TGC were carried out 
1 week later and significantly detected only when guinea pigs were locally injected 
with Listeria monocytogenes. The DTH reactions involved many lymphocytes, 
macrophages, and basophils with some neutrophils and eosinophils at subdermal 
tissue and were specific for TGC since the significant DTH reaction could not be 
detected by the elicitation with sheep red blood cells as sensitizing antigens. 
Significant anti-TGC DTH reaction was not detected when guinea pigs were injected 
with Listeria monocytogenes intravenously or subcutaneously. However, the local 
injection of viable Listeria monocytogenes into unilateral testis induced EAO in the 
contralateral testis and epididymis (=sympathetic EAO) in guinea pigs (Fig. 6.1). 
The pathological changes in the contralateral testis were characterized by the severe 
spermatogenic disturbance and severe interstitial infiltration of mononuclear cells. 
In a small number of animals, polymorphonuclear leukocytes were detected in or 
around the seminiferous tubules. Mononuclear cells also invaded into some seminif- 
erous tubules; however, basophils were not detected in the EAO lesion. In the rete 
testis, massive infiltration of mononuclear cells was observed. In the lumens of the 
rete testis, degenerated and desquamated TGC and macrophages phagocytosing 
many spermatozoa were found. Most seminiferous tubules were empty or some- 
times contain a central mass of degenerated TGC. However, Sertoli cells still 
remained a normal appearance. Moreover, hypertrophic Leydig cells with eosino- 
philic cytoplasm appeared prominent when inflammatory cell infiltration was sub- 
sided (Sanui et al. 1982, 1983). 

Listeria monocytogenes are facultative intracellular pathogens that grow in the 
cytoplasm of infected host cells. The virulent strain of Listeria monocytogenes is 
able to survive in the cytoplasm by escaping from phagosomes. In the sites of local 
infection with Listeria monocytogenes in the unilateral testis, apparent destruction 
of architecture of the seminiferous tubules was seen, and enhancement of both cel- 
lular and humoral immune responses was expected due to adjuvant effects of the 
bacterial components. Listeria monocytogenes was not detected in the EAO-affected 
contralateral testis, liver, or spleen during the period of experiments, showing that 
the bacterial growth was limited to the inoculated unilateral testis. These data show 
a possibility that the macrophages/dendritic cells accumulate in virulent Listeria 
monocytogenes-infected site and then uptake, process, and present TGC autoanti- 
gens released from the damaged testis with the infection (Sanui et al. 1982, 1983). 
On the other hand, avirulent Listeria monocytogenes, which lacks the expression of 
listeriolysin O, failed to induce any anti-TGC immune responses and sympathetic 
EAO even when inoculated at a high dose into the testis. 

The unilateral testicular inoculation of virulent Listeria monocytogenes in mice 
also induced specific DTH response against TGC and caused sympathetic EAO 
(Fig. 6.1). A unilateral infection of Listeria monocytogenes into the testis of mice 
induced not only Listeria-specific T cells but also autoreactive T cells that can trans- 
fer EAO into naïve mice (Mukasa et al. 1995, 1997, 1998; Matsuzaki et al. 1997). 
In mice unilaterally infected with Listeria monocytogenes, the contralateral testis 
developed inflammatory lesion without detectable microorganisms, providing evi- 
dence for an autoimmune phenomenon, like in the guinea pig model. This model 
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therefore gives the opportunity to investigate to two types of inflammation in one 
mouse: a bacterial-induced reaction and an autoimmunity-induced inflammatory 
reaction. The EAO can be adoptively transferred to naive syngeneic mice by intra- 
venous injection with TGC-specific T cell clones that were derived from spleens of 
the intra-testicular Listeria-infected mice. All EAO-inducing clones expressed both 
CD4 and TCR alpha-beta and showed proliferative response to TGC but did not 
cross-react to the Listeria antigen. They produced both IFN-gamma and TNF-alpha 
when stimulated with TGC, but IL-2, IL-4, and IL-10 were undetectable. Therefore, 
alpha-beta T cells play a central pathogenic role in causing EAO, as in other EAO 
models. 

The TGC-specific T cells transferred EAO without histological changes in the 
liver and kidney. Therefore, the orchitogenic T cell clones recognize testis-specific 
antigens that are not expressed by other organs, although the antigenic molecules 
have not yet been identified. Furthermore, the increased number of gamma-delta T 
cells was found in both infected and sympathetic EAO-affected testes. The gamma- 
delta T cell ratio in infiltrated T cells in testes reached up to 20-30% in whole T 
cells. Surprisingly, when gamma-delta T cells were depleted, inflammation in both 
sides was significantly augmented. Thus, gamma-delta T cells in this model may 
function as Treg in the disease progress and may have some immunoregulatory 
control on alpha-beta T cells (Mukasa et al. 1997, 1998). It was also shown that the 
gamma-delta T cells reduced alpha-beta pathogenic T cell function through cyto- 
kines. The negative regulatory role of gamma-delta T cells in inflammation may be 
due to the production of IL-10 or transforming growth factor-beta, which is known 
to exert a suppressive function on alpha-beta T cells. 

There is little information about whether sympathetic orchitis accompanied by 
cellular and humoral immune responses against TGC can be experimentally induced 
by other local infection in the testis. In mice, intra-seminiferous tubular injection of 
live Escherichia coli in unilateral testis resulted in that the bacteria actively propa- 
gated and reached a maximal level in a day but started to decrease after day 5 and 
completely disappeared within 2 months. The expression of macrophage inflamma- 
tory protein-2 and TNF-alpha became evident in testicular macrophages as early as 
1-3 h. Neutrophils were first accumulated in the testicular interstitium at 9-12 h, 
and the spermatogenic disturbance was observed on day 1 and seemed unrecover- 
able and irreversible even after the bacteria were eliminated (Nagaosa et al. 2009). 
However, the spermatogenic disturbance was not evident in the contralateral testis. 
Additionally, in mice that received intra-testicular injection with lipopolysaccharide 
or dead Escherichia coli, the spermatogenic disturbance was not evident (Nagaosa 
et al. 2009). 

Intra-testicular injection of bacterium Calmette-Guerin (BCG) induced revers- 
ible inhibition of spermatogenesis (Das et al. 1982; Torgersen et al. 1982). The local 
injection weakened the BTB and thus gave immunocompetent cells access to the 
tubular lumen. Individual Sertoli cells degenerated and separated from spermato- 
cytes and spermatids. In the induction phase, the interstitium was full of inflamma- 
tory cells; however, full recovery of spermatogenesis was observed after 120 days. 
Therefore, EAO-like feature was not observed. 
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Experimental syphilitic orchitis was induced by intra-testicular injection of 
Treponema pallidum in rabbits. Phagocytosis of the organisms by testicular macro- 
phages occurs during the reactive phase, followed by polymorphonuclear cell infil- 
tration, DTH reaction by specific T cells, infiltration of plasma cells, and severe 
spermatogenic disturbance (Sell et al. 1982; Wicher et al. 1983). However, when 
mononuclear cells infiltrating rabbit testes infected with Treponema pallidum were 
co-cultured with peripheral blood lymphocytes, lymphocytic proliferation stimu- 
lated with concanavalin A was suppressed (Wicher and Wicher 1984), indicating the 
induction of immunosuppressive microenvironment in the testis. 

In those experiments using Escherichia coli, BCG, and Treponema pallidum, it 
remains unclear whether autoimmune responses against TGC antigens or other tes- 
ticular antigens are induced or not. However, in experimentally induced epididymo- 
orchitis by local injection of Escherichia coli into the right ductus deferens in the 
rat, both the infected testis and contralateral testis showed similar histopathologi- 
cal changes characterized by the inflammatory cell infiltration, the spermatogenic 
disturbance, and the interstitial fibrosis (Demir et al. 2007). There is a possibility 
that bacterial lipopolysaccharide induces endotoxemia, resulting in systemic 
inflammation-induced oxidative stress on steroidogenesis and spermatogenesis 
(Metukuri et al. 2010). A significant induction of stress response proteins such as 
heat shock protein (HSP)-60, high-mobility group box protein 1 (HMGB1), and 
HMGB2 may affect the testis after lipopolysaccharide injection. This induction of 
acute stress is closely followed by a significant reduction in Bcl/Bax ratio along with 
leakage of cytochrome c from mitochondria and increased caspase three activity lev- 
els in the testis. These stress response proteins and mitochondrial dysfunction may be 
involved in lipopolysaccharide-induced TGC death in the seminiferous epithelium. 


6.2.10 EAO Induced by Intra-testicular Infection with Virus 


It has been reported that autoimmune orchitis occurs spontaneously in the mink, 
beagle dog, and aging rat. (Fritz et al. 1976; Tung et al. 1981, 1984; Furbeth et al. 
1989; Robinson et al. 1994). Actually, most cases of spontaneous autoimmune 
orchitis are supposed to be associated with a viral infectious disease of unknown 
origin (Fig. 6.1). Although several possible mechanisms of autoimmune induction 
by viral infection, which includes molecular mimicry and massive release of auto- 
antigens, have been proposed, mechanisms that link infections to autoimmune dis- 
eases are not yet clarified. The pathogens are thought to induce orchitis by disrupting 
the mechanisms of testicular immune privilege rather than through a direct cytopa- 
thologic effect (Lustig and Tung 2006). Clinically, viral orchitis, induced by mumps 
or human immunodeficiency virus infection, can lead to male sterility. 
Experimentally, the effects of testicular infection with Sendai virus, a virus 
related to mumps virus, were investigated in rats (Melaine et al. 2003). At 5-24 h 
post-injection of Sendai virus into the testes, a rapid and massive infiltration of 
leukocytes was induced in the interstitium. The virus does not appear to induce 
TGC transformation and may not be directly toxic to spermatogenesis. Interestingly, 
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viral proteins were restricted to the cytoplasm of infiltrated leukocytes, although 
resident macrophages were unaffected by Sendai virus. However, the virus repli- 
cated in Leydig cells and peritubular myoid cells in vitro inhibited testosterone 
secretion and induced production of the chemokines (monocyte chemotactic pro- 
tein-1, regulated on activation normal T cell expressed and secreted protein, growth- 
related oncogene-alpha, and IFN-gamma-inducible protein-10) that recruit 
leukocytes to the testis (Le Goffic et al. 2002). At present, it is not yet clear whether 
Sendai virus-induced orchitis is of autoimmune origin or not. In mice that had 
received intra-testicular inoculation with cytomegalovirus, pathological manifesta- 
tions in mice pretreated with cyclophosphamide were severer than those observed 
in immunocompetent mice infected with the virus alone (Tebourbi et al. 2001, 
2002). The typical cellular inclusions of the virus were present in interstitial spaces; 
however, the TGC were never directly infected in immunocompetent mice. 
Nonetheless, in mice pretreated with cyclophosphamide and then infected with the 
virus, definitive spermatogenic disturbance was obtained, suggesting that immune- 
depressed state deteriorate testicular injury indirectly. 


6.2.11 EAO Induced by Intrinsic Disorder in the Testis 


Mutations at the T/t complex in the mouse contain multiple genetic factors that 
affect specific events of differentiation during embryonic development and sper- 
matogenesis (Bennett 1981). Specific biochemical and morphological defects of 
TGC such as spermatids and spermatozoa were found in mice with mutant alleles of 
the T/t complex (Scully and Shur 1988; Hui et al. 2006). The testes in affected mice 
are characterized by accumulations of lymphocytes and occasional plasma cells 
between the seminiferous tubules (Dooher et al. 1981) (Fig. 6.1). Although lympho- 
cytes were rarely observed within the seminiferous epithelium, extensive degenera- 
tion of TGC was observed within affected tubules. Sertoli cells phagocytosed 
degenerating TGC at all stages of differentiation. In vitro co-culture of syngeneic T/ 
tw18 spleen cells and TGC revealed that TGC from sterile T/tw18 mice failed to 
activate Treg; consequently, the syngeneic spleen cells displayed a vigorous prolif- 
erative response to testicular autoantigens. On the other hand, TGC from younger, 
fertile T/tw18 males behaved like TGC from normal mice. They activated Treg and, 
thereby, abrogated proliferation of spleen cells in vitro co-culture. This indicates 
that genetic factors associated with chromosome 17 are responsible for the failure 
of protection of TGC in maintained normal tolerance to TGC autoantigens in vivo; 
EAO is an extreme manifestation of the inability of the defective TGC to initiate 
Treg activation. 

As another spontaneous EAO, a malfunction of the clearance mechanisms for 
apoptotic TGC debris arising from imbalances in phagocyte receptors or cytokines 
acting on Sertoli cells was identified in the mink (Akpovi et al. 2006; Pelletier et al. 
2009, 2011, 2015). This imbalance constitutes a major factor leading to breakdown of 
self-tolerance against TGC autoantigens with the resultant EAO, in which excess anti- 
sperm antibody production, spermatogenic disturbance, and leukocytic infiltration 
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were seen. The EAO serum specifically reacted with the postacrosomal region, the 
mid and end piece of mink sperm, whereas normal mink serum did not. Western blot 
analyses revealed that EAO serum reacted specifically to 23 and 50 kDa proteins. The 
number of apostain-labeled apoptotic cells was significantly higher in orchitic tubules 
compared with normal tubules. TNF-alpha and IL-6 serum levels were increased dur- 
ing EAO. Fas localized in TGC, Sertoli cells, and the lamina propria of the tubules and 
Fas ligand were on TGC. Furthermore, Fas co-localized with Fas ligand in residual 
bodies, giant cells, and infiltrating leukocytes in orchitic tubules. 

The transcription factor E-twenty-six-variant gene 5 (ETV5) is essential for sper- 
matogonial stem cell renewal, as the targeted deletion of the ETV5 gene in mice 
results in only the first wave of spermatogenesis and a Sertoli-cell-only phenotype 
(Morrow et al. 2007). The relative importance of ETV5 to the maintenance of the 
spermatogonial stem cells niche in neonatal Sertoli and TGC can be evaluated by 
reciprocal spermatogonial stem cells transplants between wild-type and ETV5~— 
hosts and donors. It appeared that ETV5 is needed in both Sertoli cells and TGC for 
normal spermatogenesis. Furthermore, ETV5~ recipients displayed EAO-like 
lesion characterized by increased interstitial inflammation, fibrosis, and tubular 
involution after transplantation of spermatogonial stem cells obtained from wild- 
type donors (Morrow et al. 2007). Interstitial cellularity was greatly increased and 
consisted of a mixture of fibrosis, macrophages, and plasma cells. Thickened basal 
lamina and occasional inflammatory cell infiltration were seen in partially atrophied 
tubules, while the presence of other tubules could only be identified by a swirl of 
connective tissue. Both cellular and humoral immune responses have been not yet 
determined in these mice, and it is yet unknown whether this widespread inflamma- 
tion in the ETV5~“ recipient mice is due to intrinsic factors or extrinsic factors 
related to the transplant procedure. However, the BTB is actually abnormal and 
incomplete in the ETV5~~ mice. ETV5 may also mediate the immune response to 
transplant trauma, as IL-6 is decreased in ETV5~“ Sertoli cells. Among many phys- 
iologic roles of IL-6, this cytokine can act as an inflammatory or anti-inflammatory 
cytokine, depending on local tissue environment and balance of intracellular signal- 
ing cascade molecules. Therefore, intrinsic factors would involve ETV5 loss, which 
affect the physical integrity of the BTB and interstitial inflammation. 

EAO is also induced by conditional knockout of the androgen receptor in Sertoli 
cells. 

Androgens are required for male sexual differentiation, testicular descent, mascu- 
linization, and spermatogenesis. Androgen receptors in Sertoli cell are required for 
progression of spermatogenic cells through meiosis and spermatid differentiation. 
Sertoli cell-specific ablation of the androgen receptor in mice decreases expression 
of claudin-3, an androgen-regulated gene and component of Sertoli cell tight junc- 
tions, and increases the permeability of the BTB (Meng et al. 2005, 2011). In testes 
of mutant mice with Sertoli cell-specific androgen receptor ablation, the ultrastruc- 
ture of Sertoli cell tight junctions is defective and testicular IgG levels are elevated, 
and the interstitium becomes populated with macrophages, neutrophils, plasma cells, 
and eosinophils, and their sera contain autoantibodies against TGC. Taken together, 
Sertoli cell-specific deletion of the androgen receptor may result in loss of testicular 
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immune privilege, leading to EAO. Suppressed levels of androgen signaling may be 
one of the contributing factors in idiopathic male infertility. claudin-11 is a protein 
constitutively expressed by Sertoli cells, and both claudin-3 and claudin-11 proteins 
contribute to the integrity of Sertoli cell tight junctions. Knockdown of claudin-11 in 
Sertoli cells also results in male sterility, but in contrast to Sertoli cell-specific andro- 
gen receptor mutants, sterility is not immune mediated, as anti-TGC autoantibodies 
are undetected in the sera and testes of claudin-11~-" mice, and testes show no evi- 
dence of inflammatory cell infiltration. Furthermore, in contrast to that spermatogen- 
esis proceeds through meiosis and early spermatid differentiation in Sertoli cell-specific 
androgen receptor mutant mice, spermatogenesis in claudin-11-/" male mice does not 
proceed beyond meiosis. Therefore, spermatogenic arrest in Sertoli cell-specific 
androgen receptor mutant mice may be best explained by the increased permeability 
of the BTB resulting from disruption of claudin-3 expression, and the BTB disorder 
may promote accessibility to TGC antigens that are no longer immunologically 
sequestered in the mutant mice. 
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Testicular Autoimmunity by Alteration 7 
of the Immune System in Experimental 
Animals 


7.1 Introduction 


Experimental autoimmune orchitis (EAO) is not confined to animals that received 
artificial exposure to TGC autoantigens experimentally but occurs spontaneously in 
some animals with abnormal condition of immune system. 

Historically, Miller (1961) is the first to demonstrate that the thymus is the most 
important organ for adoptive (acquired) immunity. He found that mice thymecto- 
mized on day 0 or 1 after birth had tended to be affected by some infectious diseases 
and die within 2—4 months. Later, Nishizuka and Sakakura (1969) found that mice 
thymectomized on day 3 after birth had gonadal dysgenesis without suffering from 
any infection, and the following studies showed that the gonadal dysgenesis is of 
autoimmune origin (Hattori and Brandon 1979; Lipscomb et al. 1979; Taguchi et al. 
1980; Taguchi and Nishizuka 1981; Nishizuka 1982). This paradoxical discovery 
dramatically developed subsequent study of “thymus and autoimmunity” without 
the use of active immunization procedure. 

The normal immune system is provided with a subset of tissue-specific Treg that 
are involved in the maintenance of self-tolerance. If the clonal balance of CD4* T 
cell subsets is tipped in favor of pathogenic (effector) T cells, multiple organ- 
localized autoimmune diseases involving EAO could ensue with no active immuni- 
zation with testicular antigens or artificial testicular injury (Taguchi and Nishizuka 
1987; Taguchi et al. 1990, 1994). In this situation, loss of Treg may occur through 
aberrant T cell development, or EAO-inducing T cells can be activated by non- 
testicular peptides that cross-react with testicular autoantigens at the level of the 
TCR (Tung and Teuscher 1995). Endogenous superantigens are recognized by TCR 
in a V beta-specific manner. V beta 11-positive T cells that recognize the endoge- 
nous superantigen of MHC class II and endogenous retroviral peptides might be 
involved. They are greatly reduced in the thymus and peripheral lymphoid tissues, 
most likely as a result of clonal deletion. However, V beta 11-positive T cells are 
normally undeleted and enriched in the thymus and spleen during neonatal period 
(Smith et al. 1989, 1991, 1992). Furthermore, the relative number of V beta 
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11-positive cells was significantly higher in neonatally thymectomized adult mice 
than in normal adult mice. Therefore, normal murine T cells include pathogenic 
autoreactive T cells, which are controlled by thymus-derived regulatory cells under 
normal condition. It has been shown that elimination of a peripheral CD4* subpopu- 
lation expressing the CD5 molecule at high levels or the CD45RB/C molecules at 
low levels elicited spontaneous activation/expansion of autoreactive T cells from the 
remaining CD4 population, leading to the development of multiple organ-localized 
autoimmune diseases. Later, it appeared that CD25 expression appears to be more 
specific for the CD4* cells with autoimmune-preventive activity than CD5"2" or 
CD45RB/C" expression. CD25* T cells, which are CD5"#" and CD45RB/C"™™, con- 
stitute approximately 10% of peripheral CD4* cells and less than 1% of CD8* cells 
in normal unimmunized mice. Therefore, most Treg expresses CD4* and a high 
level of CD5 and CD25 (Sakaguchi et al. 1995; Itoh et al. 1999). Nowadays, it 
became evident that Foxp3 is a specific marker of CD4*CD25*Treg, which are com- 
posed of naturally occurring Treg and inducible Treg. Furthermore, a revival of 
CD8* suppressor T cells (CD8* Treg) involved in prevention and inhibition of 
pathogenic autoimmune response has been also noted (Tang et al. 2005; Smith and 
Kumar 2008; Filaci et al. 2011). 


7.2 Various EAO Models by Immune-Alteration 
7.2.1 EAO Induced by Neonatal Thymectomy 


Vojtiskova and Pokorna (1964) found that thymectomy of adult mice prevented 
induction of EAO by testicular antigens+CFA-immunization. Later in the rat, neo- 
natal thymectomy at 3 days of age led to the development of EAO without any 
active immunization in about 65% of Lewis rats (Hattori and Brandon 1979; 
Lipscomb et al. 1979) (Fig. 7.1). This is in contrast to classically induced experi- 
mental autoimmune model systems, where previous investigators have reported that 
thymectomy lessens or prevents induction of autoimmune disease. This difference 
should be related to the timing of thymectomy. Thymectomy after puberty when 
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+ Neonatal thymectomy on day 3 

+ Neonatal treatment with cyclosporine A 
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+ Adult treatment with anti-IL-2 receptor antibody 
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Fig. 7.1 EAO induced by 
acquired manipulation of the 
immune system in mice 
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autoimmunogenic haploid TGC are already present in the testis may be effective in 
reduction of pathogenic effector T cells rather than Treg; however, thymectomy 
before appearance of haploid TGC in the testis during neonatal period failed to 
develop Treg ontogenically. In about 20-30% of susceptible strains of mice that 
were thymectomized neonatally on day 3, a mild EAO occurred along with other 
organ-localized autoimmune diseases such as thyroiditis and gastritis, without any 
artificial immunization (Taguchi and Nishizuka 1981). It is noteworthy that in this 
post-thymectomy EAO, epididymitis and vasitis consistently occurred prior to the 
development of EAO in mice. However, neonatal thymectomy on day 7 after birth 
could not induce any organ-localized autoimmunity involving EAO and survived 
well until a natural death. This indicates that thymectomy around day 3 is critical for 
disturbance of immune regulation. The EAO lesion resulted in testicular atrophy 
and was characterized by disappearance of mature sperms, formation of multinu- 
clear giant cells in the seminiferous tubules, and infiltration of lymphocytes in the 
testicular interstitium. Deposition of IgG, IgA, IgM, and C3 were also identified on 
the basal lamina of both seminiferous tubules and epididymal ducts. Serum autoan- 
tibodies in the neonatally thymectomized mice exclusively bound to acrosomes of 
mature spermatozoa, but not to round and oval spermatids. It seems, therefore, that 
the testicular autoimmunity following neonatal thymectomy on day 3 may be 
directed predominantly to acrosomal proteins of mature spermatozoa within epi- 
didymal ducts, rather than to immature TGC within seminiferous tubules. 

The effect of vasectomy on EAO was also investigated in the post-thymec- 
tomy model. The incidence of EAO was found to increase when day 3-thymecto- 
mized mice received vasectomy on day 60 after birth (Taguchi and Nishizuka 
1981). Kojima and Spencer (1983) also reported that vasectomy increased the inci- 
dence of testicular atrophy in day 3-thymectomized mice. Interestingly, in day 
3-thymectomized males and females, the incidence of autoimmune inflammation is 
apparently higher in the ovary than in the testis. While approximately 95% female 
thymectomized animals develop autoimmune oophoritis, only 20-30% male thy- 
mectomized animals develop EAO in (C57BL6 x A/J)F1 mice. However, the preva- 
lence of EAO increased to over 90% when day 3-thymectomized mice were 
vasectomized later. This indicates that testis is a relatively privileged organ against 
autoimmune attack compared with the ovary, but the vasectomy disrupts the immune 
privileged circumstance. 

Later, Tung et al. (1987a, b) reexamined the findings of post-neonatal thymec- 
tomy model by Taguchi and Nishizuka (1981). They found epididymo-vasitis in 
70-90% of (SWR/J x A/J)F,, 50% of (C57BL6 x A/J)F;, and 64% of balb/cBy mice 
after day 3-thymectomy, whereas orchitis occurred in approximately 20% in these 
strains. In some mice, epididymo-vasitis also developed after not only day 3 but also 
day 7 thymectomy. It may be that the time window of neonatal thymectomy for 
induction of autoimmune epididymo-vasitis is wider than that for EAO. In day 
3-thymectomized mice, the incidences of inflammation in the vas deferens, the 
cauda, the corpus, and the caput of the epididymis were almost equal. At 5-7 weeks, 
polymorphonuclear leukocytes dominated and were replaced by lymphocytes and 
macrophages between 8 and 18 weeks. The inflammatory cells were distributed in 
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perivascular and peritubular spaces, and they rarely invaded epithelial cell linings. 
Maximal incidence of epididymitis preceded immune complex deposition, which is 
probably a consequence of tissue injury. Immune complexes were found in less than 
25% of day 3-thymectomized mice during the first 11 weeks, when the epididymo- 
vasitis reached its peak incidence. Later, at 12—14 weeks, the frequency of immune 
complexes rose to 70%. Typically, linear deposits of mouse IgG were detected along 
the basal lamina of epididymal ducts and seminiferous tubules. However, differing 
from findings by Taguchi and Nishizuka (1981), deposits of IgA, IgM, and C3 were 
absent. In the testis, inflammatory cells infiltrate focally, and invasion of lympho- 
cytes and macrophages into the seminiferous tubules with extensive disturbance of 
spermatogenesis was rare. Granular deposits of IgG and C3 were detected only in 
30% of day 3-thymectomized mice. In regard to serum autoantibodies, a positive 
and significant correlation was found between the levels of autoantibodies against 
testicular autoantigens and EAO occurrence (Tung et al. 1987a, b). In contrast, there 
was no correlation between the autoantibodies levels and occurrence of autoim- 
mune epididymo-vasitis. Furthermore, there was no correlation between autoanti- 
bodies against acrosome of epididymal spermatozoa and occurrence of EAO or 
autoimmune epididymitis. Although Taguchi and Nishizuka (1981) specifically 
found autoantibodies against acrosome of elongated spermatids and epididymal 
spermatozoa, Tung et al. (1987a, b) demonstrated autoantibodies against (1) large 
granular speckles in nuclei of epithelial cells of the caput and corpus epididymal 
ducts, (2) fine spikes at the luminal surface of epithelial cells in corpus epididymal 
ducts, (3) ring-shaped antigens surrounding basal cells in corpus epididymal ducts, 
and (4) linear antigens surrounding Sertoli cell nuclei. Additionally, unusual auto- 
antibodies reactive with vascular smooth muscle were also found. 

EAO with autoimmune epididymitis in day3-thymectomized mice could be pre- 
vented by injection of adult normal spleen cells on day 4 (Taguchi and Nishizuka 
1981). The most effective donor source was of normal male. Spleen cells from nor- 
mal females and day 0-orchidectomized donors were less effective for EAO preven- 
tion, and spleen cells of day 3-thymectomized male and female donors failed to 
prevent EAO, indicating that tolerance for autoantigens relevant to this EAO is 
ontogenically regulated. It also became apparent that spleen cells from normal 
males had adequate Treg for prevention of EAO but that spleen cells from day 
3-thymectomized males have little Treg. Normally, the neonatal repertoire is 
enriched in peripheral autoreactive T cells in immature system of immunoregula- 
tion. Since neonatal thymectomy should affect the T cell repertoire in the neonate, 
followed by decline of Treg and prevalence of autoreactive T cells, this could 
explain why autoimmune diseases occur spontaneously in day 3-thymectomized 
mice. Indeed, V beta 1 1-positive autoreactive T cells have been found to be enriched 
in adult I-E* day 3-thymectomized mice (Smith et al. 1989, 1991, 1992; Jones et al. 
1990). Therefore, if the regulatory balance between the expansion of the autoreac- 
tive neonatal T cell repertoire and the relatively late ontogeny of Treg is tipped in 
favor of autoreactive T cell activity, EAO could occur. Testicular autoantigens in 
developing testis may leak latently for expansion of autoreactive T cells after 
puberty. There is another possibility that immune responses against some antigens 


7.2 Various EAO Models by Immune-Alteration 185 


with molecular mimicry can cause EAO through pathogenic T cell activation. In 
other words, the activation of testis-specific T cells by non-testicular peptides that 
mimic the target autoantigens cause enrichment of the EAO-inducing autoreactive 
T cells. 

A previous study suggested that H-2-linked genes play little role in determining 
autoimmune disease outcome in neonatally thymectomized mice (Kojima and 
Prehn 1981). Studies using recombinant inbred strains showed that EAO suscepti- 
bility was not associated with the H-2 haplotype but appeared to be influenced by a 
minor histocompatibility locus and inherited as a recessive trait. In addition, the 
disease pathology was strictly controlled by the genetic background of the mice that 
carried the T cell receptor transgene. On the other hand, Del Rio et al. (2011) 
reported that H-2 control of natural Treg frequency in the lymph node correlates 
with susceptibility to day 3-thymectomy-induced autoimmunity. Quantitative trait 
loci on chromosome 17 (H-2) and also chromosomes 1, 2, 3, 7, and 16 control day 
3-thymectomy-induced autoimmunity, and quantitative differences in the frequency 
of natural Treg in the lymph nodes, but not spleen or thymus, are present between 
the disease-resistant and disease-susceptible strains of mice. Using H-2-congenic 
mice, the observed difference in frequency of lymph node natural Treg is chiefly 
controlled by H-2 on chromosome 17. This indicates the existence of a lymph node- 
specific, H-2-controlled mechanism regulating the prevalence of natural Treg is 
critical for EAO in day 3-thymectomy model. 


7.2.2 EAO Induced by Treatment with Cyclosporine A 


Cyclosporine A, a fungal metabolite, may depress the synthesis of certain cyto- 
kines that support T cell growth, or may affect thymopoiesis or deplete the thymic 
stromal cells, especially in the medulla. Cyclosporine A abrogated CD4*CD8~ and 
CD4-CD8* thymocytes and also affected thymic epithelial cells (Hiramine et al. 
1989a, b). Therefore, it may destroy mature thymocytes or block the maturation of 
immature thymocytes. Depletion of thymic stromal cells in the medulla may inter- 
fere with the proliferation/differentiation of thymocytes (Hiramine et al. 1989b). 
Cyclosporine A has been routinely used in fields of transplantation immunology 
for establishment of nearly permanent immunologic tolerance to allografts; how- 
ever, treatment with cyclosporine A paradoxically causes multiple organ-localized 
autoimmune diseases in balb/c mice later in life when the cyclosporine A (10 mg/ 
kg body weight per day) was administered daily for 1 week to newborn (Fig. 7.1). 
Although the incidences of autoimmune gastritis and oophoritis were 20% and 
10%, respectively, in mice that had received neonatal cyclosporine A treatment, 
EAO was not observed. However, daily treatment with cyclosporine A from day 
1 day to day 6 after birth followed by thymectomy on day 7 increased the inci- 
dences of gastritis (95%) and oophoritis (58%) and also developed EAO (36%), 
thyroiditis (30%), insulitis (13%), adrenitis (9%), and sialadenitis (22%). 
Cyclosporine A does not appear to induce de novo production of forbidden clones 
by interfering with clonal deletion mechanism in the thymus. It is likely that 
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Thymus donor animal 


+ Syngeneic newborn mouse 

+ Cyclosporine A-treated syngeneic mouse 

+ Irradiated syngeneic mouse 

+ Xenogeneic animals (rat, rabbit, hamster, guinea pig, swine, cow) 
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Fig. 7.2 EAO induced by thymus transplantation in congenitally athymic nu/nu mice 


cyclosporine A would eventually affect the education of Treg in the thymus, as the 
formation of autoimmune lesions can be prevented by injection of splenic T cells 
from normal mice (Sakaguchi and Sakaguchi 1989, 1992). By the fact that cyclo- 
sporine A caused organ-localized autoimmune diseases involving EAO in mice 
when the drug was administered to newborns for a limited period, it is suggested 
that cyclosporine A primarily affects the neonatal thymus and interferes with the 
thymic production of Treg that regulates the expansion of autoreactive T cells. On 
the other hand, administration of cyclosporine A to adult mice failed to induce 
autoimmune disease presumably by that a sufficient number of Treg had been 
already produced and prevailed before starting cyclosporine A treatment, and 
cyclosporine A could not effectively eliminate them already delivered in the 
periphery. To investigate whether neonatal but not adult thymus is critical for 
cyclosporine A-induced autoimmunity or not, engrafting of the thymus from cyclo- 
sporine A-treated euthymic (nu/+) mice into syngeneic, athymic nude (nu/nu) mice 
was performed (Sakaguchi and Sakaguchi 1988). Athymic nude mice were 
engrafted with either one thymus from 7-day-old nu/+ mice treated daily with 
cyclosporine A (10 mg/kg body weight per day) for 1 week from the day of birth, 
or one thymic lobe from the adult mice administered daily with cyclosporine A 
(20 mg/kg per day) for 2 weeks. When examined histologically 3 months later, 
multiple organ-localized autoimmune diseases were developed, accompanied by 
appearance of circulating autoantibodies in the recipient nu/nu mice that had been 
transplanted with cyclosporine A-treated donor thymic lobes of not only newborn 
but also adult mice (Fig. 7.2). At the time of sacrifice, the transplanted thymi from 
both neonatal and adult donors were histologically populated with massive lym- 
phocytes, and the composition of thymocyte subsets was similar to that of a normal 
adult thymus. These results suggest the following: (1) normal thymus is continu- 
ously producing potential autoreactive T cells as well as Treg; (2) cyclosporine A 
can selectively abrogate the thymic production of Treg cells in mice at any age; (3) 
however, for autoreactive T cells to proliferate and differentiate into pathogenic 
effector T cells, active Treg must be absent in the periphery or have not yet migrated 
to the periphery. Thus, engrafting of the thymus from cyclosporine A-treated mice 
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of any age into athymic nude mice or cyclosporine A administration to euthymic 
newborn mice can cause autoimmune disease, but its administration to euthymic 
adult mice does not. 


7.2.3 EAO Induced by Whole-Body Irradiation 


Total lymphoid irradiation is effective for treatment of lymphoid malignancies and 
autoimmune disease in humans and rodents. Furthermore, total lymphoid irradiation 
also establishes allograft tolerance when allogeneic bone marrow cells or solid 
organs are engrafted immediately after the irradiation. However, it was found that the 
irradiation can functionally alter the immune system and paradoxically break self- 
tolerance (Sakaguchi et al. 1994a). High dose (42.5 Gy), fractioned (2.5 Gy, 17 
times) total lymphoid irradiation on mice caused various organ-localized autoim- 
mune diseases involving EAO and autoimmune epididymitis (Fig. 7.1). The inci- 
dences of autoimmune gastritis, thyroiditis, sialadenitis, and EAO with epididymitis 
were approximately 75%, 4%, 7%, and 9%, respectively. Total lymphoid irradiation 
eliminated the majority of mature thymocytes and the peripheral T cells for 1 month, 
and inoculation of spleen cells, thymocytes, or bone marrow cells prepared from 
syngeneic non-irradiated mice within 2 weeks after total lymphoid irradiation effec- 
tively prevented the development of the autoimmune diseases. Depletion of CD4* T 
cells from the inoculated donor lymphocytes abrogated the disease preventive activ- 
ity. CD4* T cells also appeared to mediate the autoimmune diseases because CD4* T 
cells from disease-bearing irradiated mice adoptively transferred the autoimmune 
lesions to syngeneic naïve mice (Fig. 7.3), indicating that autoimmune disease is 
caused by affecting the T cell immune system, rather than the target autoantigens, 
presumably by altering CD4* Treg-dependent control of autoreactive CD4* T cells. 
Furthermore, balb/c athymic nude mice spontaneously developed EAO with other 
autoimmune diseases when transplanted adult thymuses were irradiated before trans- 
plantation (Sakaguchi and Sakaguchi 1990) (Fig. 7.2). In this transplantation model, 
thymi were removed from donor mice 2 days after 9.0 Gy whole-body irradiation. 


Donor cells 
* CD5 '™ spleen T cells of normal mice 
+ Normal CD4* T cells of neonatal mice 
+ Lymphocytes of mice that received neonatal thymectomy 
+ Lymphocytes of irradiated mice 
+ Lymphocytes of xenogeneic thymus-grafted mice 
* Bone marrow cells of rearranged TCR alpha-chain transgenic mice 


Vv 


Increased number of pathogenic autoreactive | 
lymphocytes more than in the physiologic state 


Z 
| Multiple organ-localized autoimmunity involving EAO | 


Fig. 7.3 EAO induced by 
adoptive cell transfer in mice 
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It must be also noted that irradiation alters not only the immune system but also 
the BTB. The BTB plays an important role in the intact spermatogenesis, and 
uncontrolled permeability of the BTB results in leakage of TGC autoantigens with 
the resultant anti-TGC autoimmune responses. A single local application of micro- 
wave electromagnetic pulse irradiation of non-thermal intensity to the testes 
(400 kV/m) resulted in decreased levels of mRNA and protein expressions of tight- 
junction-associated proteins (zonula occludens-1 and occludin) of the BTB, fol- 
lowed by the development of autoimmune process in the testes of mice and rabbits 
(Grigorev et al. 1981; Wang et al. 2010; Hou et al. 2012). The pathology was pro- 
duced by both humoral and cellular immunity against testicular autoantigens and 
characterized by structural disturbance of the seminiferous tubular walls and the 
spermatogenic disturbance. Transforming growth factor-beta 3 is also a key mole- 
cule involved in the BTB permeability via regulation of tight junctions. In mice that 
had received electromagnetic radiation, transforming growth factor-beta 3 signifi- 
cantly decreased with increase of serum anti-sperm autoantibodies levels (Wang 
et al. 2010). On the contrary, increase of both mRNA and protein expressions of 
transforming growth factor-beta 3 with increase of the apoptotic TGC was also 
reported in electromagnetic pulse-exposed mice (Luo et al. 2013). 

Exposure to ionizing radiation also induced male infertility, accompanied by 
increasing permeability of the BTB in mice (Son et al. 2015). The diameter and 
epithelial depth of the seminiferous tubules were significantly decreased in 
1.7 Gy-irradiated mice, which showed significantly decreased levels of tight 
junction-associated proteins such as zonula occludens-1 and occludin-! and 
increased serum anti-sperm autoantibodies compared with those of the non- 
irradiated animals. In 6.0 Gy-irradiated mice, serum anti-TGC autoantibody levels 
were also significantly elevated; however, lymphocytic infiltration was hardly seen 
in the testes in spite of exhibiting severe spermatogenic disturbance (Takahashi 
et al. 2017). It seems apparent that damage to the BTB integrity results in leakage 
of TGC autoantigens, leading to the induction of anti-TGC autoimmunity. Therefore, 
the ionizing irradiation should induce the spermatogenic disturbance by direct kill- 
ing of TGC and also the BTB damage-induced defect of TGC differentiation. The 
following production of serum anti-TGC autoantibodies might infiltrate the semi- 
niferous epithelium through the damaged BTB region and further damage the sper- 
matogenic state. 

Taken together, high-dose ionizing irradiation induces Treg depletion, TGC 
death, and the BTB disruption. However, it remains unknown how the systemic 
Treg depletion, TGC death, the BTB damage, and the following leakage of TGC 
autoantigens from the disrupted BTB cooperate with each other for EAO induction 
in irradiated mice. However, effects of irradiation on the testicular tissues should not 
be noted in EAO in non-irradiated mice that received CD4* T cells from disease- 
bearing irradiated mice and also in non-irradiated athymic nude mice engrafted with 
adult thymuses that had been irradiated before transplantation (Sakaguchi and 
Sakaguchi 1990) (Fig. 7.2). 
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7.2.4 EAO Induced by Transfer of Normal Lymphocytes 


Transfer of adult CD5'” spleen T cells of normal mice to athymic nude mice, to 
mice without T cells, or to scid mice induces multiple organ-localized autoimmune 
diseases (Sugihara et al. 1988; Smith et al. 1992). The incidence of EAO was 40% 
(Sakaguchi et al. 1985) (Fig. 7.3). Therefore, the existence of pathogenic T cells in 
normal individuals, and their regulation by Treg, has been demonstrated on this 
EAO model. The CD4*CD8° subset represents mature thymocytes that have passed 
beyond the stage of T cell development in which the deletion of autoreactive T cells 
is expected. However, mature pathogenic autoreactive T cells are not deleted in 
normal thymus and can induce multiple organ-localized autoimmune diseases by 
their transfer to athymic nu/nu recipients. Transfer of unfractioned spleen T cells of 
normal adult donors did not evoke multiple organ-localized autoimmune diseases 
although transfer of fractioned CD4* T cells that expresses a low level of cell sur- 
face CD5 molecules was able to do so. In this experimental system, splenic T cells 
of normal adult donors were treated with CD5 antibody and complement, and the 
residual T cells were then injected into recipients for induction of multiple organ- 
localized autoimmune diseases. Although 100% of T cells are known to be CD5*, 
this treatment eliminated 95% of the CD4* T cells, as demonstrable by flow cytom- 
etry. It is noted that the residual 5%, which expressed a low level of CD5 (CD4* 
CD5" T cells), were responsible for disease transfer (Smith et al. 1992). 

EAO also develops in athymic syngeneic recipients of neonatal but not adult 
splenic CD4* T cells (Fig. 7.3). This finding is consistent with the results of previ- 
ous studies of V beta 11-positive T cells that are undeleted in neonatal thymus and 
are enriched in the neonatal spleen for recognition of the endogenous retroviral 
peptides and superantigens (Smith et al. 1989; Woodland et al. 1991; Dyson et al. 
1991). 


7.2.5 EAO Induced by Engraftment of Syngeneic Newborn 
Thymus 


balb/c athymic nu/nu mice spontaneously developed EAO with other autoimmune 
diseases such as oophoritis gastritis, thyroiditis, arteritis, glomerulonephritis, and 
polyarteritis when transplanted with “newborn” (O or 1 day old) balb/c thymus 
(Sakaguchi and Sakaguchi 1990) (Fig. 7.2). The incidences of EAO, oophoritis gas- 
tritis, thyroiditis, vasculitis, and glomerulonephritis were approximately 8%, 25%, 
61%, 4%, 23%, and 10%, respectively. Transplantation of thymus from adult balb/c 
mice was far less effective in inducing histologically evident autoimmune disease in 
athymic nu/nu mice. Furthermore, multiple organ-localized autoimmune diseases 
were not induced in athymic nu/nu mice grafted with syngeneic “embryonic” thymus 
(Nishigaki-Maki et al. 1999; Morimoto et al. 2000). To determine whether spontane- 
ous autoimmune disease after thymus engrafting is unique to nu/nu mice, balb/c 
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newborn thymi were engrafted into T cell-depleted balb/c mice that had received 
thymectomy at 6 weeks of age, irradiation at 2 weeks later at 9.0 Gy, and transplanta- 
tion of 5 x 10° syngeneic bone marrow cells treated with anti-Thy-1.2 plus rabbit 
complement. The results showed that similar autoimmune diseases were produced in 
“newborn” thymus-engrafted T cell-depleted recipient mice but not in the engrafted 
normal recipients. These results indicate that the balb/c mice have pathogenic auto- 
reactive T cells in their thymi, and such autoreactive T cells spontaneously expand 
and cause autoimmune disease when released to the T cell-deficient/eliminated 
periphery. Various manipulations that deplete Treg (CD4*CD25* T cells) potentially 
activate orchitogenic CD4* T cells and promote EAO induction, but the presence of 
normal T cells including “natural” Treg suppresses the disease induction. 


7.2.6 EAO Induced by Engraftment of Xenogeneic Thymus 


Attempts were made to reconstitute T cell functions of nu/nu athymic nude mice by 
transplantation of xenogeneic thymic rudiments obtained from embryonic rats, rab- 
bits, hamsters, guinea pigs, swine, and cows (Taguchi et al. 1986; Nishigaki-Maki 
et al. 1999). The results showed that these grafted mice gained T cell-mediated 
immune function and accepted skin grafts from the donor strain. All of the grafted 
thyme grew and formed proper thymic structure with host CD90* cells. Those mice 
generally survived more than 1 year without any severe infectious diseases under a 
conventional environment. However, they developed severe multiple organ-localized 
autoimmune diseases showing features similar to autoimmunity observed in the 
mice after neonatal thymectomy. Approximately 30% of the transplanted mice 
developed EAO (Fig. 7.2). This autoimmunity is also caused by a dysfunction of 
Treg. It is also noted that multiple organ-localized autoimmune diseases were not 
induced in nude mice grafted with syngeneic or allogeneic thymi of adult donors 
(Nishigaki-Maki et al. 1999; Morimoto et al. 2000). 

In these chimeric animals, TCR alpha-beta expression pattern of the lympho- 
cytes in the grafted thymi was quite similar to that of normal mouse thymocytes. 
Autoimmune lesions were successfully transferred into naïve nude mice or scid 
mice by donor spleen cells from the xenogeneic thymus-grafted nude mice 
(Nishigaki-Maki et al. 1999; Ohno et al. 1999) (Fig. 7.3). Sufficient CD4* T cells 
were observed in the donor lymphoid organs of all grafted nude mice, and removal 
of CD90* or CD4*, but not CD8* cells from their spleen cells, eliminated the disease 
transfer activity (Ohno et al. 1999). Furthermore, positively fractioned CD4* T cells 
from the xenogeneic thymus-grafted nude mice were capable of inducing autoim- 
mune lesions without the appearance of organ-specific autoantibodies, but the grade 
of lesions was lower than that in recipient mice that received unfractioned spleen 
cells. Transfer of sera from the grafted nude mice to scid mice did not induce any 
pathogenic features in the target organs, although deposition of immunoglobulins in 
the corresponding target organs was observed. This indicates that pathogenic CD4* 
T cells can induce autoimmune disease without B cell’s help but that cooperation 
with functional B cells induces more severe damage (Ohno et al. 1999). 
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7.2.7 EAO Induced by Administration of Anti-IL-2 Receptor 
Antibody 


During development of whole organism, tissue-specific Treg involved in self- 
tolerance is activated extrathymically by autoantigen from mature organs. Since it is 
speculated that not only pathogenic CD4* effector T cells but also CD4* Treg 
express the IL-2 receptor (CD25) as an activated T cell population, an attempt was 
made to eliminate these Treg from the developing immune system of neonatally 
thymectomized (C57BL/6 x A/J)F, mice by in vivo injection of rat monoclonal 
antibodies (IgG1) against mouse IL-2-receptor alpha (Taguchi and Takahashi 1996). 
In this experimental system, neonatal thymectomy was performed on day 7 after 
birth. As described above, day 3 thymectomy is effective to induce multiple organ- 
localized autoimmune diseases, while day 7 thymectomy is hardly effective. 
However, day 7-thymectomized mice developed EAO and other autoimmune dis- 
eases after the anti-I[L-2 receptor antibody-treatment (Fig. 7.1), and their incidence 
and severity became apparently higher than control mice that had received day 7 
thymectomy alone. 

In next experiments, anti-IL-2 receptor alpha monoclonal antibodies were 
injected intraperitoneally into 10-day-old intact mice every other day for 2 weeks 
(Taguchi and Takahashi 1996). It was found that EAO with autoimmune epididymi- 
tis were induced along with other autoimmune inflammation in the prostate, stom- 
ach, lacrimal gland, salivary gland, thyroid, and the retina (Fig. 7.1), like in day 
7-thymectomized mice injected with anti-IL-2 receptor alpha monoclonal antibod- 
ies. The results indicate that CD4* T cells expressing IL-2 receptor alpha play a 
critical role as Treg in the periphery for maintenance of immune tolerance. This 
study also suggests the importance of IL-2 receptor alpha expression on Treg, rather 
than on pathogenic (effector) autoreactive T cells. Considering that tissue autoanti- 
gens extrathymically induce activation of tissue-specific Treg involved in self- 
tolerance, testis-specific Treg may be induced by leaked autoantigens from maturing 
testis to circulatory system under normal condition. Such activated Treg probably 
expresses IL-2 receptor alpha, and this population may be eliminated by administra- 
tion of anti-IL-2 receptor alpha monoclonal antibodies in vivo at the age of develop- 
ing immune system of mice, consequently leading to uncontrollable activation of 
tissue antigen-specific pathogenic T cells. 


7.2.8 EAO Induced by Transfer of Rearranged TCR Alpha-Chain 
Gene 


Germ line expression of rearranged TCR alpha-chain transgenes with the IgH chain 
enhancer reproducibly elicits T cell-mediated EAO in 8 of 16 SWR/J-backcrossed 
mice with other autoimmune diseases in the thyroid gland, gastric mucosa, 
Langerhans islets, salivary gland, and ovaries in selected strains of normal mice 
(Sakaguchi et al. 1994b) (Fig. 7.4). These diseases can be adoptively transferred to 
syngeneic normal mice by CD4* T cells expressing rearranged TCR alpha-chain 
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Fig. 7.4 EAO induced by Gene manipulation 
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transgenes. Normal organs transplanted in the transgenic mice were also destroyed 
by inflammation in an antigen-specific manner when the mice developed autoim- 
mune disease in the corresponding organs. This indicates that the autoimmune dis- 
eases are produced by genetic manipulation of the T cell lineage but not the target 
autoantigens. Furthermore, transfer of the transgenic bone marrow cells to MHC- 
compatible scid mice also produces the same autoimmune disease as in the donors 
(Fig. 7.3). Therefore, it appears that the transgene-induced autoreactive effector T 
cells are neither deleted in the thymus nor rendered anergic upon contact with the 
normal target autoantigens but can be controlled by a T cell-dependent mechanism. 
This indicates that abnormality of the environment of T cell differentiation/selection 
in the thymus is not responsible for triggering the autoimmune responses in mice 
with germ line expression of rearranged TCR alpha-chain transgenes. In contrast, 
the development of autoimmune diseases in the recipient scid mice is effectively 
prevented by co-transfer of syngeneic non-transgenic T cells. Expansion/activation 
of such autoreactive T cells appears to be controlled in the normal periphery by a 
subpopulation of normal T cells. The repertoire of T cells is solely determined in the 
thymus by the TCR gene rearrangement and by subsequent positive/negative selec- 
tions, in which T cells bearing high-affinity TCR for autoantigen expressed in the 
thymus are clonally deleted. Since the TCR plays the key role in growth/differentia- 
tion and repertoire selection of T cells, germline alteration of the TCR gene expres- 
sion may affect the ontogeny of autoreactive T cells or their control in the thymus or 
periphery. It is likely that transgene expression may lead to the production of more 
numerous or more pathogenic autoreactive T cells than in the physiologic state, 
thereby causing autoimmune diseases. 


7.2.9 EAO Induced by Transfer of HLA-B27 Gene 


Humans who have inherited the human class I MHC allele HLA-B27 have a markedly 
increased risk of developing the multiple organ-localized autoimmune diseases termed 
HLA-B27 syndromes. Clinical features in HLA-B27 syndromes include anterior uve- 
itis, ankylosing spondylitis, reactive arthritis, psoriatic arthritis, and inflammatory 
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bowel disease such as ulcerative colitis and Crohn’s disease. Although autoimmune 
orchitis has not been reported in men with HLA-B27 syndromes, these patients 
showed reduced sperm motility, higher plasma luteinizing hormone and follicle-stim- 
ulating hormone and lower testosterone levels compared with control subjects (Villiger 
et al. 2010; Ramonda et al. 2014). 

To investigate the role of HLA-B27, both HLA-B27 and human B2-microglobulin 
genes were introduced into rats (Hammer et al. 1990; Taurog et al. 2012). In the trans- 
genic rat, EAO with autoimmune epididymitis and other inflammatory diseases 
involving the gastrointestinal tract, peripheral and vertebral joints, skin, nails, and 
heart were found (Hammer et al. 1990) (Fig. 7.4). Inflammation was first evident in 
the ductuli efferentes as early as age 30 days, the age when meiotic TGC first appear 
in the seminiferous tubules (Taurog et al. 2012). The inflammation was initially com- 
posed of neutrophils, later became granulomatous, but remained largely confined to 
the ductuli efferentes until almost 2 months later. The EAO was macroscopically 
manifested by a progressive enlargement of the testes followed by testicular atrophy, 
with resultant infertility. It took another 3 months for inflammation shifts from the 
ductuli efferentes to the testis with the spermatogenic disturbance. Anti-TGC antibod- 
ies and anti-sperm antibodies appeared in the rat serum after age 70 days. Histologically, 
the tunica albuginea was thickened by connective tissue, which contained active 
angioblasts and fibroblasts as well as large numbers of lymphocytes and plasma cells. 
The testes often contained numerous granulomas with necrotic centers surrounded by 
epithelioid macrophages and giant cells and peripherally by lymphocytes, plasma 
cells, and fibroblasts. Cells infiltrating the testes were predominantly CD4* T cells and 
CD68* or CD163* macrophages. The epididymis frequently contained granulomas 
similar to those found in the testis, along with dilated tubules containing necrotic cel- 
lular debris. The interstitium of the epididymis was expanded by lymphocytes, plasma 
cells, epithelioid macrophages, and moderate fibrosis. It is noted that, severe EAO 
occurs in the transgenic rats several months before the onset of joint disease. 

The levels of IFN-gamma, IL-10, and IL-17 were elevated in the ductuli efferen- 
tes, epididymis, and testis. In addition, levels of IL-12A, IL-22, IL-23A, and IL-23 
receptor were found to be elevated in the ductuli efferentes. With regard to the 
immune mechanisms driving EAO, it is not yet clear whether the inflammation in 
the ductuli efferentes is initially driven by a transgene-induced defect in the regula- 
tion of innate immunity or whether the rats have preexisting effector pathogenic T 
cells that induce inflammation upon contact with TGC autoantigens. The influx of 
neutrophils in the earliest lesions in the ductuli efferentes suggests that innate 
immune signals are involved in producing an IL-17 response. 


7.2.10 EAO Induced by Knockout of TAM Receptor Tyrosine 
Kinases Triple Genes 


Tyro-3, Axl and Mer (TAM) receptors belong to a subfamily of receptor tyrosine 
kinases. They are critical for engulfment and efficient clearance of apoptotic cells 
by macrophages (Scott et al. 2001). Under normal condition, rapid clearance of 
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apoptotic cells is important to inhibit inflammation and autoimmune responses 
against intracellular autoantigens. Therefore, TAM receptors are negative regulators 
of TLR-initiated systemic innate immunity and play critical roles in regulating 
immune responses (Lu et al. 1999; Sun et al. 2010). Mutant mice that lack these 
receptors develop a severe lymphoproliferative disorder accompanied by broad- 
spectrum autoimmunity in the lung, liver, kidney, heart, pancreas, intestine, skeletal 
muscle, eye, brain, and spinal cord (Lu and Lemke 2001). These phenotypes result 
from a deficient in the clearance of apoptotic cells and a hyperactivation of antigen- 
presenting cells in which the three receptors are normally expressed. 

TAM receptors are also abundantly expressed in Sertoli cells and Leydig cells 
under normal state and therefore regulate the tissue homeostasis in immune- 
privileged testis (Deng et al. 2016). They facilitate phagocytic clearance of apop- 
totic TGC by Sertoli cells (Xiong et al. 2008). The removal of apoptotic TGC by 
phagocytes facilitates the elimination of the autoantigens, which may reduce endog- 
enous inflammation. Moreover, various TLRs are expressed and functional in 
Sertoli cells, and TAM receptors inhibit TLR-mediated inflammatory cytokine pro- 
duction by Sertoli cells. It was found that TAM receptor tyrosine kinases triple 
knockout (TAM~-) mice exhibit impaired spermatogenesis with resultant male 
infertility (Lu et al. 1999; Sun et al. 2010; Zhang et al. 2013), although mice lacking 
any single receptor do not exhibit apparent pathology during their lifetime. TAM 
triple knockout (TAM~’-) mice exhibit an excessive activation of TLR in response 
to its ligand polyinosinic-polycytidylic acid, resulting in the upregulation of various 
inflammatory cytokines and show multiple severe defects of the spermatogenesis, 
systemic immune homeostasis, and clearance of apoptotic TGC (Fig. 7.4). After the 
onset of sexual maturity, TGC were progressively degenerated, and macrophages 
and lymphocytes infiltrated into the testis as TAM™^ mice aged. Moreover the integ- 
rity of BTB was impaired, and anti-TGC autoantibodies were produced. TNF-alpha, 
IL-6, and monocyte chemotactic protein-1 were upregulated in the testis of TAM~— 
mice and predominantly located in Sertoli cells. Secretion of other cytokines, such 
as IL-1 beta, and interferons alpha and beta were also elevated (Sun et al. 2010). In 
vitro assays showed that TAM~ Sertoli cells secrete significantly high levels of 
inflammatory cytokines compared with wild-type Sertoli cells after co-culture with 
apoptotic TGC. 


7.2.11 EAO Induced by Knockout of the Autoimmune Regulator 
(Aire) Gene 


Educational immune tolerance to self-antigens, composed of the negative selection 
of autoreactive T cells and the generation of Treg, is induced primarily in the thy- 
mus where tissue-restricted antigens are presented to T cells by the thymic stromal 
cells—a process known as central tolerance regulated by the Aire (Chan and 
Anderson 2015). The Aire is a promiscuous thymic transcription factor involved in 
controlling expression of tissue-restricted antigens for presentation during the 
establishment of central tolerance in the thymus (Pitkanen and Peterson 2003; 


7.2 Various EAO Models by Immune-Alteration 195 


Eldershaw et al. 2011). The loss of this protein is responsible for the autoimmune 
polyendocrinopathy syndrome or autoimmune polyendocrinopathy-candidiasis- 
ectodermal dystrophy (APECED) because of a defect in thymic negative selection 
(Kisand and Peterson 2011; Taniguchi and Anderson 2011). In immune responses 
by challenging with exogenous antigens, the peripheral T cells of mice with a dis- 
rupted Aire gene have approximately fivefold increased proliferation (Ramsey et al. 
2002). Although the Aire is expressed heavily in the thymic epithelial cells and is 
involved in maintaining self-tolerance, the testis is the most predominant extrathy- 
mic location of the Aire (Schaller et al. 2008; Radhakrishnan et al. 2016). In particu- 
lar, spermatogonia and spermatocytes significantly express Aire. RT-PCR analyses 
also revealed the expression of Aire in mouse ovary, lung, kidney, and adrenal gland 
(Ruan et al. 1999). It is suggested that extrathymic Aire-expressing cells have an 
important role in the clonal deletion of autoreactive CD8* T cells (Taniguchi and 
Anderson 2011). 

Mice with a targeted deletion of the Aire gene develop normally; however, the 
absence of the Aire protein influences ectopic expression of peripheral tissue anti- 
gens in thymic medullary epithelial cells, resulting in the development of an autoim- 
mune disorder similar to APECED including multiple-organ lymphocytic infiltration 
and circulating autoantibodies (Ramsey et al. 2002; Villasenor et al. 2005). In the 
testis of Aire-deficient mice, the scheduled apoptotic wave of TGC, which is neces- 
sary for normal spermatogenesis, is decreased, and sporadic apoptosis in adults is 
increased. Moreover, they were infertile with anti-sperm autoantibody formation 
and frequent inflammatory cell infiltration in the epididymal interstitium (Hubert 
et al. 2009; Hedger 201 1a, b). However, typical inflammatory lesion was not seen in 
the testis. 


7.2.12 EAO Induced by Knockout of IL-12/IL-35 Common Subunit 
p35 Gene 


The IL-6/IL-12 family cytokines involving IL-12 (p35/p40), IL-23 (p19/p40), IL-27 
(p28/Epstein-Barr virus-induced gene 3 [EBI3]), and IL-35 (p35/EBI3) play critical 
roles in the regulation of various immune responses. This family of cytokines has 
unique characteristics: they are heterodimers comprising two different subunits, and 
one subunit of the cytokines receptor is sometimes shared with more than two cyto- 
kines. IL-35, a novel anti-inflammatory cytokine, that is, produced by Foxp3+ Treg, 
suppresses cell proliferation and downregulates Th17 cell development (Collison 
et al. 2007). In mice with congenital lack of EBI3, p35, and IL-12 receptor beta 2, 
mild but significant infiltration of lymphocytes into the testicular interstitium was 
found with increased IFN-gamma mRNA expression in the testes and autoantibody 
production against spermatids (Terayama et al. 2014). Spermatogenic disturbance 
was very focally but frequently observed in the seminiferous tubules surrounded by 
infiltrating lymphocytes. In particular, p35-deficient mice showed the most severe 
spermatogenic disturbance. It is noted that no significant phenotype of inflamma- 
tory lesion was found throughout the body except for the testis. 
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In wild-type mice, expression of EBI3 was markedly increased at both mRNA 
and protein levels in the testes of 10—12-week old mice as compared with levels in 
2-week old mice, whereas the mRNA expression of p40 was markedly decreased 
and that of p35 was conserved between these two groups (Terayama et al. 2014). 
Immunohistochemical analyses revealed that capillary endothelial cells and peritu- 
bular myoid cells surrounding the seminiferous tubules were highly positive for 
p35, and CD163-positive resident macrophages were also positive for p35 and 
EBI3. Therefore, the developmental expression of p35/EBI3 may function for pre- 
vention of autoimmune reaction in the testis. The p35 may help in maintaining the 
testicular immune privilege, in part in an IL-35-dependent manner. 
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The Future Directions of Testicular 
Autoimmunity Investigation 


8.1 Introduction 


It is noted that experimental autoimmune orchitis (EAO) can be induced without the 
use of any adjuvants in both immune-competent and immune-deficient animals. This 
means that both healthy and immune-compromised men may be easily affected by 
testicular autoimmunity. Normally, the TGC autoantigens are protected by two inde- 
pendent mechanisms: (1) the confinement of most of the autoantigens by a strong but 
regionally incomplete BTB and (2) the systemic and local immunoregulatory mecha- 
nisms that prevent activation of TGC-specific autoreactive lymphocytes. Therefore, 
the susceptibility to testicular autoimmunity may be influenced at the levels of target 
TGC, supporting tissue surrounding target TGC and immune system. In particular, it 
should be clarified whether or how the relevant autoantigens are presented to specific 
T cells for induction or prevention of testicular autoimmunity. 


8.2 Various Issues for Testicular Autoimmunity 
in the Future 


8.2.1 Precise Epidemiology of Testicular Autoimmunity in Men 


Testicular biopsies from infertile men have been found to contain immunopatho- 
logical evidence of orchitis and testicular immune complexes, which are also found 
in EAO. At present, respective epidemiological data are very scarce. Clinically, tes- 
ticular biopsy specimens from men with spermatogenic disturbance of immuno- 
logic origin are supposed to represent the final stage of the pathological process 
(post-active inflammation stage) in which the infiltration of immune reactants has 
already ceased and only the spermatogenic disturbance remains. In the majority of 
patients, diagnosis is hampered by an asymptomatic course of the disease and 
unspecific clinical signs. Therefore, immunological factors may be more often 
involved in male infertility than has been suspected if the patients can receive the 


© Springer Japan 2017 201 
M. Itoh, Testicular Autoimmunity, DOI 10.1007/978-4-43 1-54460-9_8 


202 8 The Future Directions of Testicular Autoimmunity Investigation 


medical examination more early. Furthermore, examination sites in the testis may 
affect the incidence of inflammation. Many histopathological studies revealed the 
frequent involvement of inflammatory cell infiltration at the mediastinum (the tubuli 
recti and the rete testis) (Hatakeyama 1984; Tung et al. 1987; Itoh et al. 1995b). 
Actually, differing from the common biopsy cases of convoluted seminiferous 
tubules at the peripheral testis, the sampling of tissue from the tubuli recti and the 
rete testis is very difficult because of the danger that biopsy-induced tissue injury 
may block TGC transport to the ductuli efferentes. However, if biopsy tissue can be 
taken from the tubuli recti and the rete testis regions safely, the incidence of lym- 
phocytic infiltration in the testes of infertile men should become higher than 
reported. It should be also kept in mind that testicular biopsy artificially breaks BTB 
with the resultant exposure of TGC autoantigens to the immune system. Therefore, 
development of noninvasive test for diagnosis of orchitis is needed. Several differ- 
ent imaging methods such as color Doppler sonography and magnetic resonance 
imaging have been tried (Moraes et al. 2010). 

As another noninvasive test, identification of specific markers of testicular auto- 
immunity has been awaited. Even though only anti-sperm antibodies, which repre- 
sent humoral immunity, have been taken into account by many urologists or 
andrologists when assessing immunologic male infertility (Shibahara et al. 2005; 
Shiraishi et al. 2009), many reports on EAO imply that DTH response, cellular 
immunity, is more critical for the disease induction than humoral immunity in spite 
of no use of DTH-inducing CFA (Sakamoto et al. 1985; Sakamoto and Nomoto 
1986; Itoh et al. 199 1a, b, c, 1992b; Itoh 2009). Considering that the DTH intensity 
against TGC well correlated with EAO development (Qu et al. 2014), in vivo assay 
of DTH response on injection of some specific TGC autoantigens or in vitro assay 
of cytokines secretion or cell proliferation of isolated lymphocytes stimulated with 
TGC autoantigens may be effective for screening and predicting methods to detect 
whether testicular autoimmunity is involved or not in infertile male patients. In 
immunologically infertile women, a precise and objective method for the diagnosis 
was developed and examined, based on a one-step agarose leukocyte migration 
inhibition factor assay (Dimitrov et al. 1992). The migration areas are evaluated by 
a computer-assisted image analysis system. The radial migration indexes and area 
migration indexes are computed and expressed as a migration index percentage for 
each patient and control. Therefore, development of a reliable, standardized testing 
protocol for diagnosis of autoimmune orchitis will contribute to grasp precise epi- 
demiology of testicular autoimmunity in men. 

Most recently, a new noninvasive biomarker for the diagnosis of testicular 
inflammation was reported (Fijak et al. 2014). In sera from infertile azoospermic 
patients with histologically confirmed testicular inflammation, significantly ele- 
vated titers of autoantibodies against disulfide isomerase family A, member 3 (ER- 
60), were found. Proteins in lysates of normal testicular tissue have 14 proteins that 
immunoreacted with a majority of sera of patients with testicular inflammation. Of 
these 14 proteins, ER-60, transferrin, and chaperonin containing T-complex pro- 
tein 1, subunit 5, were considered as specific. Since ER-60 reacted with 92% of 
patient sera, an ER-60-autoantibody ELISA was developed. Therefore, 
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measurement of ER-60 autoantibody titers in serum could be a novel noninvasive 
marker for the diagnosis of asymptomatic testicular inflammation causing male 
fertility disturbances. 

Although many patients with idiopathic male infertility are asymptomatic, 
chronic genitourinary inflammation often results in leukocytospermia, an elevated 
number of leukocytes in semen. Hagen et al. (2015) evaluated expression of TLR-2, 
TLR-4, cyclooxygenase-2, and nuclear factor-like 2 in semen samples of age- 
matched infertile patients with and without leukocytospermia by the usage of spe- 
cific Western blot evaluation, cytokine array, and immunofluorescence microscopy 
followed by computer-based analysis. Differential cytokine profiling of seminal 
plasma by antibody array revealed upregulation of the four pro-inflammatory che- 
mokines in leukocytospermia. Therefore, TLR-2, TLR-4, cyclooxygenase-2, and 
nuclear factor-like 2 in semen can serve as novel biomarkers for idiopathic and 
asymptomatic male infertility patients. 


8.2.2 Pathogenesis of the Onset of Autoimmune Inflammation 
in the Testis 


Investigation of initial stage of testicular autoimmunity should lead to understand- 
ing of first contact between immune cells and testicular autoantigens in the testis. 
There are many EAO models nowadays, but there is still limited information of 
mode of EAO onset. Investigation of start of inflammatory cell infiltration in various 
EAO models may be useful for understanding its pathophysiology. Spermatids and 
spermatozoa are apparently foreign cells for females, prepubertal males, and neona- 
tally castrated males. Therefore, transfer of lymphocytes obtained from syngeneic 
females, prepubertal males, or neonatally castrated males into adult male animals 
may be also valid to study the onset of contact between lymphocytes and TGC auto- 
antigens in the testis. 

In the testis, testis-specific effector CD4* T cells can recognize TGC autoanti- 
gens on antigen-presenting cells in the testis before EAO induction. Under normal 
condition, many TGC are degenerated in the seminiferous tubules, and their autoan- 
tigens should latently leaked, followed by endocytosis by various testicular somatic 
cells, such as Sertoli cells, peritubular myoid cells, testicular macrophages/dendritic 
cells, Leydig cells, and capillary endothelia. It is supposed that testicular macro- 
phages/dendritic cells expressing MHC class II antigens surrounding the tubuli recti 
and rete testis are most important antigen-presenting cells for EAO induction; how- 
ever, it remains unclear how TGC autoantigens leak outside the germ cell ducts and 
picked up by macrophages/dendritic cells in the testicular interstitium under physi- 
ological condition. It is also noted that mouse testicular cells express Fas ligand and 
have the potential to induce apoptotic death of activated T cells expressing Fas 
(CD95). To establish EAO, the orchitogenic T cells must escape the T cell killing 
mechanism by testicular cells. One possible mechanism is that the testis-specific 
effector T cells are resistant to the Fas-mediated cell death induced by the Fas ligand 
on testicular cells because Fas-mediated signaling does not always induce 
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apoptosis. Alternatively, there is another possibility that EAO induction modulates 
expression of the Fas ligand on the testicular cells, which allow the testis-specific T 
cells to escape from apoptosis induction. 

The role of humoral immunity in EAO induction still remains obscure. The his- 
topathologic distribution of the initiation of inflammation differs between active and 
passive EAO (Tung et al. 1987; Itoh et al. 1991c, 1992b). Active EAO induced by 
testicular homogenate+CFA+BP immunization initially affects subcapsular semi- 
niferous tubules far from the rete testis. In contrast, passive EAO by transfer of 
CD4* T cells obtained from testicular homogenate+tCFA+BP-immunized donor 
mice preferentially induce inflammation in the tubuli recti adjacent to the rete testis. 
In TGC-induced EAO, active EAO is characterized by orchitis that preferentially 
affects the tubuli recti and the rete testis and by the absence of epididymo-vasitis; 
however, passive EAO is consistently accompanied by epididymo-vasitis. It is sup- 
posed that both cellular and humoral immune responses are induced in active EAO, 
while cellular rather than humoral immunity is critical for passive EAO. This indi- 
cates that EAO is generally CD4* T cell dependent, but B cells and plasma cells also 
affect the start of EAO. 

Although Th1 cells were thought to be the main drivers of organ-specific autoim- 
munity, animals lacking the Th1 signature cytokines and molecules are not resistant, 
but more susceptible to multiple autoimmune diseases (Ferber et al. 1996; Jones 
et al. 1997; Matthys et al. 1999). In these animals, the generation of a unique CD4* 
T cell subset, named Th17 cells, is involved. Th17 cells produce the effector cyto- 
kine IL-17, which promote tissue inflammation and neutrophil recruitment for host 
defense and also are primarily associated with autoimmune inflammation (Korn 
et al. 2009). Actually, in testicular antigens+CFA+BP-induced EAO lesion, 
CD4*IL-17* and CD8*IL17* were immunohistochemically identified (Jacobo et al. 
2011a, b). The addition of IL-17A to normal rat Sertoli cell cultures induced a sig- 
nificant decline in transepithelial electrical resistance and a reduction of occluding 
expression and redistribution of occludin and claudin-11, altering the Sertoli cell 
tight junction barrier (Perez et al. 2014). Also in vivo, intra-testicular injection of 
recombinant rat IL-17A in rats induced increased the BTB permeability and delo- 
calization of occludin and claudin-11. Therefore, involvement of Th17 cells for the 
start of testicular inflammation will be studied in other EAO models. 


8.2.3 Pathophysiologic Relation Between Chronic Inflammation 
in the Testis and Prolonged Spermatogenic Disturbance 


The target finding by orchitogenic lymphocytes was antigen-specific, but the fol- 
lowing tissue damage leading to spermatogenic disturbance may be produced by an 
antigen nonspecific fashion in EAO. Previously, the pathogenesis for TGC depletion 
in EAO lesion was often attributed to an influx of specific autoantibodies into the 
germ cell ducts with a leaky BTB; however, recently, much attention is being paid 
to the effect of cytokines on the function of Sertoli cells, Leydig cells, and the devel- 
oping TGC (Itoh et al. 1992b, 1993). IL-1, IL-6, IL-17, IFN-gamma, TNF-alpha, 
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and transforming growth factor-beta have been reported to affect Sertoli cells and 
the inter-Sertoli cell junctions as the BTB (Banks and Kastin 1992; Plotkin et al. 
2000; Lui et al. 2003; Li et al. 2006; Sarkar et al. 2008; Wang and Lui 2009; Lie 
et al. 2011; Lydka et al. 2012; Perez et al. 2012, 2014; Zhang et al. 2014b). If this 
hypothesis is correct, the depletion of TGC should be induced without a direct con- 
tact of TGC with specific autoantibodies or specific CD4* T cells during EAO. 

The vitro experiments on seminiferous tubule cultures showed that IFN-gamma 
and TNF-alpha induced apoptosis of TGC through the Fas/Fas ligand system 
(Riccioli et al. 2000). It is indicated that the Fas/Fas ligand system mediates apopto- 
sis of TGC in the injured testis but not in the normal testis having spontaneous apop- 
tosis (Koji 2001; Koji et al. 2001). It was also demonstrated that IL-6 induced 
apoptosis of TGC in isolated seminiferous tubules in rats (Rival et al. 2006). 
Clinically, the semen IL-6 level is increased in vasectomy reversal patients (Nandipati 
et al. 2005). Local injection of IFN-gamma into the testis in vivo induced a direct 
cytotoxic effect on TGC, indicating that IFN-gamma is also harmful to the seminifer- 
ous epithelium (Natwar et al. 1995). In addition, IFN-gamma was shown to increase 
the expression of Fas in Sertoli cells and makes these cells susceptible to Fas ligand- 
mediated cytotoxicity in the seminiferous epithelium (Riccioli et al. 2000). IFN- 
alpha is produced predominantly by leukocytes in man, and most cell types are able 
to produce IFN-alpha in the mouse. In transgenic mice using a plasmid containing 
IFN-alpha gene, aberrant expression of the introduced IFN-alpha gene occurs only in 
the testis, in which an ongoing degeneration of TGC leading to calcium deposits and 
atrophy of the seminiferous tubules were found (Hekman et al. 1988). Intra-testicular 
injection of recombinant rat IL-17A to rats induced focal inflammatory cell infiltra- 
tion in the interstitium and germ cell sloughing in adjacent seminiferous tubules. 
ED1I* macrophages were the main population infiltrating the interstitium following 
IL-17A injection (Perez et al. 2014). Therefore, IL-17A may facilitate the recruit- 
ment of immune cells to the testicular interstitium, resulting in the spermatogenic 
disturbance. 

Coxsackievirus and adenovirus receptor is a junction molecule that is expressed 
on Sertoli cells and TGC. It mediates Sertoli cell-TGC adhesion and facilitates 
migration of preleptotene/leptotene spermatocytes across the BTB, suggesting that 
coxsackievirus and adenovirus receptor-based cell adhesion and migration are cru- 
cial for spermatogenesis (Gao and Lui 2014). Combined treatment with IFN- 
gamma+TNF-alpha exerts a synergistic effect by downregulating mRNA of 
coxsackievirus and adenovirus receptor and its protein levels. Therefore, downregu- 
lation of coxsackievirus and adenovirus receptor by IFN-gamma+TNF-alpha treat- 
ment may provide an explanation of how TGC are sloughing in the seminiferous 
epithelium during testicular inflammation. 

It became evident that damaged TGC products induce expression of various 
inflammatory mediators, including TNF-alpha, IL-1-beta, IL-6, and monocyte che- 
motactic protein-1, in Sertoli cells. Notably, the damaged TGC products-induced 
inflammatory gene expression was significantly reduced by knockout of TLR-2 and 
TLR-4 (Zhang et al. 2013a). Monocyte chemotactic protein-1 secreted by Sertoli cells 
after stimulation with damaged TGC products promotes migration of macrophages 
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around the seminiferous tubules. Accumulated macrophages might deteriorate the 
spermatogenic disturbance. Indeed, busulfan-induced spermatogenic disturbance 
in vivo upregulates TNF-alpha and monocyte chemotactic protein-1 expression in 
Sertoli cells and facilitates macrophage migration into the testis in wild-type mice. 
These phenomena were not observed in TRL2~“TLR4~ mice. It indicates that dam- 
aged TGC products induce inflammatory gene expression in Sertoli cells via the acti- 
vation of TLR-2 and TLR-4, which may initiate prolonged inflammatory responses in 
the testis. However, clinical reports of the detection of various cytokines in testis 
biopsy specimens from infertile men have been still limited. To elucidate the mecha- 
nisms underlying the spermatogenic disturbance during human immune orchitis, 
functional analyses of cytokines and establishment of cytokine therapies in various 
EAO models will be expected. 

Additionally, factors of damage to the spermatogenesis other than cytokines must 
also be kept in mind. Testicular inflammation may elevate the organ temperature and 
also disturb microcirculation in the testis, resulting in heat and ischemic damage to 
the seminiferous epithelium. Preferential accumulation of lymphocytes around the 
tubuli recti in EAO may cause dysfunction of valve structure of modified Sertoli cells 
inside the tubuli recti and then increase intra-seminiferous tubular pressure. A recent 
study showed that an impaired removal of apoptotic TGC induce noninfectious tes- 
ticular inflammation, thus favoring testicular autoimmunity (Schuppe and Meinhardt 
2005; Schuppe et al. 2008; Pelletier et al. 2009). The meaning of phagocytic removal 
of apoptotic TGC by Sertoli cells should be also an interesting topic to be investi- 
gated in field for maintaining testicular immune microenvironment. 

During EAO, the spermatogenic disturbance may involve both failure of TGC 
differentiation and facilitation of TGC death (Kuerban et al. 2012). It remains 
unclear whether TGC death is by necrosis, apoptosis, or cell death involving autoph- 
agy. Recently, autophagy has been focused in various cells (Enomoto et al. 2007; 
Yokoyama et al. 2008; Kawakita et al. 2009; Ohtomo et al. 2010; Kawaguchi et al. 
2011; Komatsu et al. 2012). It may be that TGC leaked out of BTB receive necrosis; 
however, TGC death inside the BTB results from not only apoptosis and but also 
autophagy. Besides initiating apoptotic pathways, EAO also may induce autophagic 
pathways in TGC and/or Sertoli cells, including autophagosome formation 
(Bustamanter-Marin et al. 2012; Eid et al. 2012, 2015; Han et al. 2015). 


8.2.4 Identification of Relevant Autoantigens for Autoimmune 
Orchitis 


Testicular autoantigens expressed in haploid TGC appear after puberty when 
immunocompetence has been already established. A large number of testis-spe- 
cific autoantigens are present not only on spermatids and spermatozoa but also 
on spermatogonia, spermatocytes, Sertoli cells, Leydig cells, and basement 
membrane of the tubular walls (Sato et al. 1981; Lustig et al. 1982, 1987; 
Ichinohasama et al. 1986; Yule et al. 1988). For a more complete understanding 
of the immune pathogenesis of EAO, molecular and biochemical approaches to 
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TGC autoantigens from mice at different weeks after birth are needed. However, 
the molecular structure of autoantigens relative to EAO has been little character- 
ized. Considering that testicular homogenate+CFA+BP-induced EAO involves 
immune responses against various antigens, it may be difficult to clear which 
proteins are target antigens that are critical for EAO induction. To identify the 
target autoantigens effectively, its investigation using EAO models induced by no 
use of any chemical or bacterial agents such as active EAO induced by immuniza- 
tion with testicular antigens alone and spontaneous EAO after manipulation of 
immune system may be easy and useful. 

Although EAO-inducing TGC are highly species-specific, there are also com- 
mon testicular antigens among different species for eliciting anti-TGC DTH with or 
without involving EAO (Yoshida et al. 1979, 1981; Adekunle et al. 1987; Qu et al. 
2017). Moreover, sporadic orchitis and spermatogenic disturbance were observed 
with immunization with non-testicular antigens such as brain, spinal cord, thyroid 
gland, kidney, adrenal gland, and ovary emulsified in CFA and concomitant intrave- 
nous injection with BP (Adekunle et al. 1987). Therefore, EAO-inducing T cells can 
be also activated by stimulation with non-testicular peptides that cross-react with 
testicular autoantigens at the level of the TCR. This molecular mimicry depends in 
part on the sharing between unrelated peptides of the few critical amino acids that 
are required for activation of pathogenic orchitogenic T cells. If the candidate puri- 
fied autoantigen-specific CD4* T cell clone is established and shown to induce EAO 
by adoptive transfer to naive recipients, we can identify the purified protein as the 
target autoantigen of EAO in the future. 


8.2.5 Genetic Control of Autoimmune Orchitis 


Identification of susceptible and resistant strains of inbred mice and the phenotyp- 
ing of segregating populations derived from them allow an estimation of the number 
of genes involved. Previous studies have demonstrated that genetic predisposition is 
a major contributor to EAO susceptibility and resistance. It should be also deter- 
mined whether immune responses to relevant testicular autoantigens are primarily 
regulatory or active in nature for each strain. Research based on molecular linkage 
analysis of inbred mice has been embarked upon for mapping genes that influence 
the susceptibility and resistance to EAO. In general, the MHC is the primary genetic 
determination of autoimmune disease susceptibility with multiple additional inter- 
acting loci required. 

In regard to EAO, Balb/c strain (H-2% is susceptible to testicular antigen+tCFA+BP 
immunization but resistant to TGC immunization or neonatal thymectomy. C3H/He 
(H-2‘) strain is susceptible to TGC immunization but resistant to testicular 
antigen+CFA+BP immunization or neonatal thymectomy. C57BL/6 (H-2°) strain is 
susceptible to testicular antigen+CFA+BP immunization or neonatal thymectomy 
but resistant to TGC immunization. In contrast, A/J strain (H-2*) is susceptible to 
the all three EAO models. Therefore, genetic susceptibility to EAO differs among 
the three disease models (Itoh et al. 1991a; Tokunaga et al. 1993a, b; Kojima and 


208 8 The Future Directions of Testicular Autoimmunity Investigation 


Prehn 1981; Kojima and Spencer 1983; Teuscher et al. 1985a, b). Identification of 
susceptible and resistant strains of inbred mice and the phenotyping of segregating 
populations derived from them allow an establishment of the number of genes 
involved in each EAO model. Genetic analysis of inbred mouse strains until now 
indicates that susceptibility or resistance to EAO is polygenic and strongly influ- 
enced by both H-2-linked and non-H2-linked genes (Person et al. 1992). However, 
the identification and characterization of non-MHC genes have been problematic, 
since most autoimmune diseases are polygenic with the individual genes exhibiting 
only partial or minimal penetrance. 

There are also some EAO models developed by gene manipulations such as rear- 
ranged TCR alpha-chain gene transfer, HLA-B27 gene transfer, TAM gene knock- 
out, Aire gene knockout, and p35 gene knockout (Hammer et al. 1990; Sakaguchi 
et al. 1994; Lu et al. 1999; Hubert et al. 2009; Sun et al. 2010; Taurog et al. 2012; 
Zhang et al. 2013b; Terayama et al. 2014). Trials of these gene manipulations on 
various murine inbred strains may also contribute to the understanding of genetic 
control of EAO. 


8.2.6 Therapeutic Control of Autoimmune Orchitis by Treg 


The effective treatment of organ-specific inflammatory disorders of putative auto- 
immune origin is an ongoing goal in clinical medicine. Because the lymphocytic 
infiltration of the testis, the disturbance of spermatogenesis and the occurrence of 
DTH responses against testicular antigens can be observed in cases of human immu- 
nologic infertility (Anderson and Hill 1998); EAO should be used as in vivo tool for 
studying immuno-inflammatory pathways and immunotherapeutic approaches for 
the treatment of the human orchitis. 

Cyclosporine A and deoxyspergualin have been used for the EAO treatment 
(Hojo and Hiramine 1985; Ablake et al. 2002). For specific inhibition of disease, 
adoptive transfer of tissue antigen-specific Treg may offer one of the effective 
treatments. In the normal state, there may be pathogenic clones reactive to auto- 
antigens of TGC and clones to regulate such autoreactive cells, but these clones 
may keep silent in the appropriate balance between the clones. Strong prolifera- 
tion of TGC-specific effector clones may occur after two or three injections with 
TGC, but the predominance of TGC-specific Treg clones may be generated in the 
course of more repeated immunization (Itoh et al. 1992a, b). Antigen-specific 
regulation of EAO has been also demonstrated following repeated intravenous 
injection of deaggregated, soluble testis antigens (Mukasa et al. 1992). Mice 
treated in this manner developed long-lasting resistance to the induction of EAO 
from subsequent challenge with TGC. In EAO developed in mice that received 
various immune-manipulations by neonatal thymectomy, irradiation, or drugs, 
specific deletion or dysfunction of T cell population, both naturally occurring 
Treg and inducible Treg, should illustrate the complex nature and balance of 
immunoregulation. Therefore, multiple Treg populations may be present and par- 
ticipate for EAO regulation. 
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8.2.7 Effects of Environmental Toxicants on Autoimmune 
Orchitis 


Although the mechanisms for the development of autoimmune diseases remains 
obscure, accumulating evidence suggests that these increasingly recognized disorders 
result from environmental or occupational exposures of noninfectious agents in geneti- 
cally susceptible individuals (Miller 2014). Impaired health status such as malnutrition, 
obesity, alcohol, tobacco, or illicit drug use may affect spermatogenesis (Eid et al. 
2012, 2015). Nowadays, we can take various medicines and are daily exposed to vari- 
ous environmental toxicants of low doses (Ishihara et al. 2000; Gu et al. 2003; Ablake 
et al. 2004; Miyaso et al. 2010, 2014a, b; Kitaoka et al. 2013; Ogawa et al. 2013; Hirai 
et al. 2015). Some of them have ability to affect testicular function or immune function. 
To investigate whether various chemicals such as cadmium, uranium, phthalic acid 
esters, tamoxifen, diethylstilbestrol, bisphenol A, decabromodipheny] ether, flutamide, 
alcohol, and cigarette smoking affect the incidence and severity of testicular autoim- 
munity is also valid (Fig. 8.1). The increased output of these chemicals has drawn a 
large number of people into contact with these elements. Malenchenko et al. (1978) 
were the first to investigate the effect of an environment chemical on the EAO induc- 
tion by the use of uranium. Recently, it has appeared that low dose exposure of cad- 
mium or phthalic acid significantly increased susceptibility of EAO (Ogawa et al. 
2013; Hirai et al. 2015). Neonatal treatment with estrogen developed severe epidid- 
ymo-vasitis later (Naito et al. 2014). It was also found that neonatal exposure to dieth- 
ylstilbestrol, artificial estrogenic compound, induced epididymitis in all treated mice 
after 5 weeks of age and also evoked orchitis in some mice after 12 weeks of age 
(Miyaso et al. 2014a, b). These inflammatory lesions may be of “autoimmune/autoin- 
flammatory syndrome induced by adjuvants (ASIA),” in which estrogen acts as an 
adjuvant in male mice. A study of the effect of di-(2-ethylhexyl) phthalate on the tes- 
ticular immune microenvironment revealed that lymphocytes and F4/80- and MHC 
class II antigen-positive cells were significantly increased with the elevation of IL-10 
and IFN-gamma mRNA expressions in the testes (Kitaoka et al. 2013). Histochemical 
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Fig. 8.1 Various environmental toxicants for possible modulation of the testicular autoimmunity 
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analyses involving horseradish peroxidase as a tracer showed that a little blood-borne 
horseradish peroxidase had infiltrated into the lumen of a few seminiferous tubules 
beyond the BTB. Age- and species-dependent infiltration of macrophages into the tes- 
tes of rats and mice exposed to phthalate was also demonstrated (Murphy et al. 2014). 
In that study, a significant increase in monocyte chemoattractant protein-1 by peritubu- 
lar myoid cells occurred 12 h after phthalate exposure. 

In regard to the effect of other environmental factors on testicular autoimmunity, 
it may be also valuable whether exposure to an electromagnetic wave and field could 
affect EAO (Grigorev et al. 1981; Naito et al. 2012; Hanci et al. 2013). Exposure to 
a 900-MHz electromagnetic field in the prenatal term on the 21-old-day rat induced 
irregularities in seminiferous epithelium and tubular basal membrane accompanied 
by decreased diameter of the seminiferous tubules. Apoptotic index, lipid peroxida- 
tion, and DNA oxidation were higher than controls (Hanci et al. 2013). The increased 
TGC apoptosis may give specific lymphocytes a chance to react with TGC autoanti- 
gens more easily. 


8.2.8 Immunopathology of the Male Reproductive Organs 
During Prolonged Sensitization with Xenoantigens 


In the “autoimmune/autoinflammatory syndrome induced by adjuvants” (ASIA), 
different conditions induced by various adjuvants such as infectious fragments, hor- 
mones, aluminum, silicone, and metal are included, and the syndrome is character- 
ized by common signs and symptoms, resulting in boosting the immune response 
and triggering the development of autoinflammatory phenomena (Loyo et al. 2012; 
Cruz-Tapias et al. 2013; Lujan et al. 2013; Colafrancesco et al. 2014). 

CFA and BP have been used as adjuvants for EAO induction. Treatment with 
CFA and BP releases various pro-inflammatory cytokines involving IL-1-beta, IL-6, 
IL-12 TNF-alpha, and IFN-gamma in vivo (Mielcarek et al. 2001; Tonon et al. 
2002; Raghavendra et al. 2004). In mice that were intravenously injected with BP 
alone, systemic inflammation involving hepatosplenomegaly and lymphadenopathy 
was induced, and the ductuli efferentes, the epididymis, the vas deferens, and the 
accessory sex glands in BP-injected mice received inflammatory cell infiltration 
(Itoh et al. 1995a). The mycobacterial components within CFA signal T cells assume 
a Th1 profile so that various lymphocytic clones should be activated, resulting in 
enhancement of the systemic inflammation (Billiau and Matthys 2001). Indeed, the 
employment of CFA and BP has proved to be instrumental in the breakdown of 
testicular immune privilege and microcircumstance for the spermatogenesis indi- 
rectly, as well as in augmenting of DTH (Pelletier et al. 1981; Sewell et al. 1986; 
Adekunle et al. 1987; Lustig et al. 1987; Mealy et al. 1990; Perez et al. 2011, 2012). 
Furthermore, the number of MHC class II antigen-bearing macrophages increased 
in the testis after the CFA+BP treatment (Tung et al. 1987), and both production of 
anti-TGC autoantibodies and development of cytolytic activity of T cells against 
TGC are inducible without the use of testicular antigens for sensitization (Ben et al. 
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1986; Musha et al. 2013). Therefore, CFA+BP treatment also may induce ASIA- 
like condition. Therefore, there is a possibility that EAO may be inducible with 
CFA+BP treatment alone if some optimal conditions such as more prolonged, 
chronic, and repeated sensitization with the adjuvants or other xenogeneic antigens 
are devised. 

It is of considerable interest to know what happens in the host associated with the 
failure in the elaborate systemic immune system. Presumably such a critical situa- 
tion could be created experimentally in animals by enforced overwork of the 
immune system, e.g., by repeated immunizations with an appreciable but not tolero- 
genic amount of xenoantigens over an extended period. Historically, Okabayashi 
and his colleagues (1980) had innovatively investigated prolonged sensitization 
with xenoantigens such as ovalbumin, hemolytic streptococci, Escherichia coli, 
bovine serum albumin, and horse serum over a year (Fig. 8.2). They had carried out 
a series of experiments in the experimental animals to clarify the overall sequence 
of events taking place in the immune system of the host by means of chronic and 
prolonged antigenic stimulation by using foreign proteins or bacterial antigens 
(Okabayashi 1964, 1967a, b, 1972, 1973, 1979). With such repeated immunization, 
the animals showed an enhanced immune cell proliferation in the lymphoid organs, 
together with accelerated hematopoiesis in the bone marrow. However, the reactiv- 
ity of the immune system may not be permanent. Following continued antigen 
administration, the systemic immune reaction developed to the highest level during 
the middle stage but gradually became less reactive. A wasting in the systemic 
immune reaction thus ensued in the terminal stage as evidenced by progressive 
exhaustion of lymphoid responses. The bone marrow likewise showed prominent 
hypoplasia with or without fibrosis, and a variety of diseases of the blood, organs, 
and tissues such as mucoid, fibrinoid, hyaline, and amyloid degeneration occurred 
in sequence. Okabayashi had emphasized that before entering into the overt anergic 
or exhausted terminal phase, certain immunologic disorders develop in the later 
stage of prolonged antigenic stimulation which are significantly different from 
those observed during the early stages. Alterations of the organs and tissues gradu- 
ally became degenerative in nature; however, under conditions of the imbalance in 
the wasting immune system, there appeared not only the degenerative conversion of 
the inflammatory process but also the development of “autoimmunization.” The 
resulting dysplasia of lymphoid tissues and imbalance of the immune cell popula- 
tion, which could be interpreted in terms of the disturbance in immunological regu- 
lation, may induce “autoimmune diseases in the wasting immunity.” Therefore, the 
chronically sensitized host is affected by systemic immune reaction for a long 
period, and prolonged antigenic sensitization induces all four immunopathies com- 
posed of immunoproliferative diseases, allergic and hypersensitivity diseases, 
immunodeficiency diseases, and autoimmune diseases (Fig. 8.3). Although the 
heart, kidneys, and various lymphoid organs have been well investigated (Okabayashi 
et al. 1980), it should be of interest to investigate whether and how the testis and 
other male reproductive organs are immunopathologically affected during pro- 
longed sensitization with xenoantigens. 
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Fig. 8.2 Prolonged antigenic sensitization. (a) Chronology and deployment of the systemic 
immune reaction and its disorders. (b) Prominence of degenerative conversion and dysimmuniza- 
tion resulting in autoimmune diseases (autoimmunization) in the later stage (Okabayashi et al. 
1980. Partly modified) 
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Fig. 8.3 The effects of prolonged antigenic sensitization on the immune system 


8.2.9 Transplant Immunology of the Testis at Cellular, Tissue, 
and Organ Levels 


In animals that received allogeneic or xenogeneic cells, tissues, or organs, “graft- 
versus-host reaction” or “transplant rejection” occurs if some immunosuppressive 
treatments are not given. In testicular immunology, four transplantation models 
described below may help the investigation on physiology of testicular immune 
privilege. 


8.2.9.1 Transplantation of Spermatogonial Stem Cells 
into the Seminiferous Tubules 

Spermatogonial stem cells are foundation of spermatogenesis and are characterized 
by their ability to self-renew and to produce differentiated progeny that forms sper- 
matozoa. It has been known that rat spermatogenesis can occur in the seminiferous 
tubules of immune-depressed recipient mice after transplantation of rat spermato- 
gonical stem cells. This transplant model should be useful for further study of tes- 
ticular immune privilege. In previous studies on xenogeneic spermatogonial stem 
cells transplantation, to avoid immunologic rejection, inherently immunodeficient or 
experimentally immunosuppressed adult mice were used as the recipients. In another 
study, hamster spermatogenesis could be induced within the seminiferous tubules of 
rats when the hamster spermatogonial stem cells were transplanted to the testes of 
infant rats that have immaturity in both the immune system and the seminiferous 
epithelium (Tanaka et al. 1997). Before the xenogeneic spermatogonial stem cells, 
recipients are conventionally pretreated with busulfan for depletion of endogenous 
TGC (Clouthier et al. 1996). However, high-dose busulfan has a detrimental effect on 
the Sertoli cell secretory function and subsequently impaired the recipient Sertoli cell 
capacity to support donor spermatogonial stem cell differentiation or sometimes 
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results in death of recipients. Later, transplantation of rat spermatogonial stem cells 
into immunocompetent mice was examined. The results showed that some trans- 
planted spermatogonial stem cells could undergo complete spermatogenesis in recip- 
ient mouse testes, the rat spermatozoa being detected in the recipient epididymides 
(Qu et al. 2012). A significant increase in mouse spermatozoa was also noted in 
epididymides of recipient mice regardless of whether rat spermatozoa were concur- 
rently present or not. These results suggest that transplanted rat spermatogonial stem 
cells can be tolerated in the testes of immunocompetent mice and that the transplan- 
tation of rat spermatogonial stem cells simultaneously stimulated endogenous sper- 
matogenesis in the recipient mice. Despite the high immunogenicity of xenogeneic 
TGC, they can remain within the seminiferous tubules, epididymal ducts, and vasa 
deferentia without eliciting any inflammatory reactions. Although busulfan sup- 
presses bone marrow function, it appeared that immune functions in busulfan-treated 
mice recovered to normal level when spermagonial stem cells were transplanted 
(Hirayanagi et al. 2015). The analysis of the experimental model will be followed 
with interest. 

Transplantation of spermatogonial cells to or from mutant mice was also exam- 
ined. Claudin-5 is expressed in Sertoli cells, spermatogonia, and preleptotene sper- 
matocytes. It contributes to the formation of the BTB and regulated by the transcription 
factor Ets variant gene-5 (Etv5) (Morrow et al. 2009). The transcription factor Etv5 
is essential for spermatogonial stem cell self-renewal, as the targeted deletion of the 
Etv5 gene in mice (Etv5~’-) results in only the first wave of spermatogenesis, and all 
spermatogonial stem cells are lost during this time, causing a Sertoli cell-only phe- 
notype (Schlesser et al. 2008; Tyagi et al. 2009). Reciprocal transplants of neonatal 
germ cells from wild-type and Etv5~" testes were performed to determine the role of 
Etv5 in Sertoli cells and germ cells. Etv5 appears to be needed in both cell types for 
normal spermatogenesis. It is noted that Etv5-" recipients displayed EAO-like 
lesions composed of deficient formation of the BTB, increased interstitial inflamma- 
tion, and involution of the seminiferous tubules after transplantation of wild-type 
spermatogonial stem cells (Morrow et al. 2007). Preliminary studies suggest that the 
BTB is abnormal in the Etv5~“~ mouse. The tight junctional protein claudin-5 was 
decreased in testes of neonatal Etv5- mice. Immunobiological analyses between 
transplanted stem cells and host somatic testicular cells should be significant for 
further study of testicular immune circumstance. 


8.2.9.2 Transplantation of Testicular Somatic Cells into the Testis 

For treatment for male infertility, Malolina et al. (2014) determined whether tes- 
ticular cell transplantation is effective at repairing testicular injury induced by her- 
pes simplex virus orchitis. ROSA26 mice were used as donors, and the recipients 
were C57BL/6 mice after herpes simplex virus testicular inoculation. In recipient 
testes, donor Sertoli cells formed new seminiferous tubules. At day 150, the semi- 
niferous epithelium was completely recovered in some recipient tubules, and elon- 
gated spermatids were observed, indicating the effectiveness of allogeneic testicular 
somatic cell transplantation for restoration of spermatogenesis damaged by viral 
infections. 
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It is well known that cadmium exhibits severe gonadotoxicity inducing irrevers- 
ible damage to the seminiferous epithelium (Ogawa et al. 2013). When Sertoli cells 
recovered and dissociated from donor testes were microinjected into recipient testes 
treated with cadmium in mice, they formed mature seminiferous tubule structures 
and supported spermatogenesis (Shinohara et al. 2003). Furthermore, transplanta- 
tion of wild-type Sertoli cells into infertile Steel/Steel (dickie) testes created a per- 
missive testicular microenvironment for generating spermatogenesis. 

Seminiferous tubular cells were transplanted from normal immature transgenic 
donor rats into the testis of irradiated recipient rats. In many seminiferous tubules, 
the donor Sertoli cells formed abnormal spherical structures in the lumen, but in 
some tubules they formed a normal-appearing epithelium with only isolated sper- 
matogonia, on the basement membrane (Zhang et al. 2009). When the donor tubular 
cells were injected into the interstitial region of the testis, they formed tubule-like 
structures containing Sertoli cells and isolated spermatogonia, both of donor origin. 
Especially, in host tubules adjacent to these newly formed donor-cell tubules or 
adjacent to the endogenous tubules with abnormal donor Sertoli cell structures, 
endogenous spermatogonia differentiated to the spermatocytes or even to spermatid 
stages. In the testicular interstitium around these newly donor cell-formed tubules 
and the host tubules with abnormal donor Sertoli cell structures, EAO-like lesions 
involving many circulating and resident macrophages accumulated in the intersti- 
tium were present. Therefore, the donor Sertoli cells that colonized the seminiferous 
tubules did not directly support recovery of spermatogenesis. Instead, the coloniz- 
ing Sertoli cells acted indirectly on the interstitium to stimulate localized differen- 
tiation of endogenous spermatogonia. The further analyses of Sertoli cell 
transplantation should light on immunobiological milieu of supporting tissue for 
TGC. Transplantation of Leydig cells, testicular macrophages, and peritubular 
myoid cells may be also valid for study of recovery of spermatogenesis and local 
immune circumstance. 


8.2.9.3 Transplantation of Whole Testis 

The testis is regarded as an immune-privileged organ in that allogeneic tissue can be 
successfully transplanted into the testicular interstitium or transplanted allogeneic 
testicular tissue is resistant to the rejection. However, to investigate its immune privi- 
lege more clearly, transplantation of whole donor testis should be tried by surgical 
anastomosis with recipient’s blood vessels. Transplantation of a set of testis with 
testicular artery and vein, ductuli efferentes, epididymides and a part of vas deferens 
into syngeneic males, allogeneic males, xenogeneic males, syngeneic male that were 
castrated at various ages, or syngeneic females may be helpful for studying testicular 
immunology. If the immune privilege status in the transplanted organs is broken 
down in recipients, EAO-like lesions may be induced in the transplanted organ. Lee 
et al. (1971) are the first to transplant allogeneic testis in the rat. In the allogeneic 
testis, perivascular mononuclear cellular infiltrates first appeared at 18 h after testicu- 
lar transplantation. On day 3, lymphocytes and macrophages were confined to the 
perivascular region, and none entered the seminiferous tubules. Necrosis of seminif- 
erous epithelium first appeared on day 3 and became progressive thereafter. 


216 8 The Future Directions of Testicular Autoimmunity Investigation 


Perivascular mononuclear cell infiltrates were also found in the epididymis during 
the first 7 days. The epididymal changes included infiltration of mononuclear cells in 
the epididymal tubular walls, infiltration of polymorphonuclear neutrophils, and for- 
mation of abscesses, followed by fibrosis and granuloma formation. However, tech- 
nical difficulty for testis transplantation has disturbed its further study for long years. 
Most recently, a different and more convenient technique for the testis transplanta- 
tion has been developed, and transplant immunology of the testis is now in progress 
in the rat (Yi et al. submitted). 


8.2.9.4 Transplantation of Bone Marrow Cells 

Clinically, gonadal function is a key to quality of life following bone marrow trans- 
plantation for patients with malignancy. In patients who underwent bone marrow 
transplantation for a variety of hematological malignancies, the patients sustained 
severe gonadal damage to both their seminiferous epithelium as well as the Leydig 
cell compartment (Chatterjee et al. 2001). This deficit has been mainly attributed to 
pre-transplantation conditioning, but lower sperm counts in human also appear to be 
associated with GVHD following allogeneic bone marrow transplantation. Indeed, 
recipients of allogeneic transplantation experienced significantly more severe dam- 
age to TGC compartment compared to those who received an autologous transplant 
(Kyriacou et al. 2003). 

Earlier studies of transplantation outcomes have shown that male recipients of 
female HLA-identical hematopoietic stem cell transplants experience increased 
GVHD. Male recipients of transplants from female hematopoietic stem cell donors 
represent a special group in which donor T cells that are specific for minor histo- 
compatibility antigens encoded by Y-chromosome gens may contribute to a GVHD 
(Randolph et al. 2004). In mice that had received allogeneic bone marrow transplan- 
tation, the intra-testicular infiltration of donor alloreactive T cells followed by injury 
to testicular cells occurred during an acute GVHD (Wagner et al. 2005). The nadir 
of Leydig cell volume density coincided with the peak of intra-testicular infiltration 
by donor T cells. Injury to Leydig cells correlated with an intra-testicular inflamma- 
tory response characterized by INF-gamma and TNF-alpha production. It is now in 
progress whether some histopathological changes are induced or not in testes of 
mice that received transplantation of bone marrow cells from syngeneic males, allo- 
geneic males, syngeneic females, allogeneic females, and syngeneic male that had 
been castrated at various ages in our laboratory. The analysis of this experimental 
model should be obviously a topic of considerable ongoing interest. 

In other studies, differentiation of bone marrow stem cells into male germ cell 
lineage has been tried (Ghasemzadeh-Hasankolaei et al. 2014; Zhang et al. 2014a). 
Allogeneic bone marrow mesenchymal stem cells were co-cultured in conditioned 
media derived from cultured Sertoli cells in vitro, and then induced stem cells were 
transplanted into the seminiferous tubules of a busulfan-induced rat model. The 
in vitro induced cells exhibited specific TGC gene and protein markers, and after 
implantation the donor cells survived and located at the basement membranes of the 
recipient seminiferous tubules. No tumor mass, immune response, or inflammatory 
reaction developed. 
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It is known that bone marrow also contains mesenchymal stem cells. In mice 
receiving testis rupture, single dose of 5 x 10° bone marrow-derived mesenchymal 
stem cells was delivered intravenously (Aghamir et al. 2014). In this model, bone 
marrow-derived mesenchymal stem cells transfusion showed immunosuppressive 
effects on anti-sperm antibody production. Transplantation of mesenchymal bone 
matrow stem cells into the seminiferous tubules of recipient animals has been also 
noted (Lassalle et al. 2008; Horn et al. 2008; Zhang et al. 2014a). In recipient mice, 
the donor cells survived and located at the basement membranes of the seminiferous 
epithelium, and cellular organization of the seminiferous epithelium was found, but 
the improvement in spermatogenesis was quite incomplete, and no inflammatory 
reactions developed. On the other hand, recovery of spermatogenesis in busulfan- 
treated rats after local transfer of adipose tissue-derived mesenchymal stem cells 
was reported (Cakici et al. 2013). Therefore, transplanted bone marrow cells have a 
capability to induce GVHD or immunosuppression and also differentiation to male 
germ cell lineage. Immunobiological analyses on between transplanted stem cells 
and host somatic testicular cells should be significant for further study of testicular 
immune circumstance. 


8.2.10 Biology of Relation Between Innate and Adaptive 
Immunity for Autoimmune Orchitis 


TGC and immune cells are cores for life, but the own immune cells sometimes 
attack TGC auto-immunologically. In particular, testicular autoantigens, expressed 
on haploid TGC, appear after puberty and are not available to interact with lympho- 
cytes early in life. The mechanisms underlying the testicular immune privilege have 
been investigated for several decades. Considering that central tolerance might 
require the interaction between developing TGC and developing lymphocytes 
before puberty, it has been assumed that regulatory mechanisms other than the cen- 
tral tolerance, such as innate immunity and peripheral tolerance, might prevent tes- 
ticular autoimmunity and inflammation. 

Before evolution and development of adoptive immunity, the testis mounts 
appropriate local innate immunity against invading pathogens. During infections, 
activation of inflammation is triggered by recognition of specific motifs, or 
pathogen-associated molecular patterns, found on bacterial, viral, fungal, and pro- 
tozoan pathogens, medicated by specific pattern recognition receptors. The best 
characterization of these receptors is the TLR, which recognize bacterial and viral 
nucleic acids and other molecules unique to pathogens, including lipopolysaccha- 
ride, bacterial lipopeptides, and peptidoglycans (Kawai and Akira 2010). TLR rec- 
ognize pathogen-associated molecular patterns and elicit antimicrobial immune 
responses. The innate defense system in the testis is also being revealed based on the 
identification of pattern recognition receptor-initiated immune responses (Chen 
et al. 2016). Therefore, TLR in Sertoli cells and testicular macrophages may play 
important roles in initiating testicular innate immune response. If adaptive immu- 
nity is normally modulated within the testis to minimize responses against TGC, 
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innate immunity becomes more important for protecting the testis against infection 
and tumors. However, innate immunity against live Escherichia coli inside the sem- 
iniferous tubules leads to local inflammation with the resultant long-term damage to 
the seminiferous epithelium (Demir et al. 2007). It was demonstrated that damaged 
TGC products in the seminiferous tubules induce expression of various inflamma- 
tory mediators, including TNF-alpha, IL-1-beta, IL-6, and macrophage chemotactic 
protein 1, in Sertoli cells (Zhang et al. 2013a). Notably, damaged TGC-induced 
inflammatory gene expression was significantly reduced by knockout TLR-2 or 
TRL-4 and abolished by double knockout TLR-2 and TLR-4 (TLR-2-/-TLR-4~). 
This indicates that damaged TGC induce inflammatory gene expression in Sertoli 
cells via the activation of TLR-2 and TLR-4, which may initiate noninfectious 
inflammatory responses in the testis. Tyro-3, Axl, and Mer (TAM) receptors belong 
to a subfamily of receptor tyrosine kinases and are negative regulators of TLR- 
initiated systemic innate immunity and play critical roles in regulating immune 
responses (Lu et al. 1999; Sun et al. 2010). Mutant mice that lack these receptors 
develop the upregulation of various inflammatory cytokines, resulting in a severe 
lymphoproliferative disorder accompanied by broad-spectrum autoimmunity in the 
lung, liver, kidney, heart, pancreas, intestine, skeletal muscle, eye, brain, and spinal 
cord (Lu and Lemke 2001), and they also exhibit severe defects of the spermatogen- 
esis and clearance of apoptotic TGC (Lu et al. 1999; Sun et al. 2010; Zhang et al. 
2013a, b). TGC were progressively degenerated, and macrophages and lympho- 
cytes infiltrated into the testis as TAM™^ mice aged. Moreover, the integrity of BTB 
was impaired, and anti-TGC autoantibodies were produced. TNF-alpha, IL-6, and 
monocyte chemotactic protein-1 were upregulated in the testis of TAM™^ mice and 
predominantly located in Sertoli cells. Secretion of other cytokines such as IL-1- 
beta and interferons alpha and beta were also elevated (Sun et al. 2010). Therefore, 
innate immunity in the testis may be involved for a first defense against testicular 
infection but also the start of testicular autoimmunity. Fine balance between the 
modulation of ability to resist infection or neoplasms and the attempt to minimize 
intra-testicular inflammation is important for ongoing spermatogenesis. 

In addition to TLR, the cytosolic double-stranded RNA sensors, termed retinoic 
acid-inducible gene I-like receptors, NOD-like receptor members, and intracellular 
DNA sensors, have been also emerged as pattern recognition receptors that recognize 
a broad spectrum of pathogen-associated molecules patterns and damage-associated 
molecular patterns. The functions of the inflammasomes, an inflammation-promot- 
ing multiprotein oligomer consisting of caspase 1, apoptosis-associated speck-like 
protein, NOD-like receptor, and caspase 5, in the testis remain to be clarified (Zhao 
et al. 2014). The term “autoinflammatory syndrome” is caused by excessive inflam- 
masome activation and characterized by unexplained episodes of fever and severe 
localized inflammation. The original definition was “seemingly unprovoked inflam- 
mation without high-titer autoantibodies or antigen-specific T cells” (McDermott 
et al. 1999). There is a well-confirmed evidence for “autoimmune/autoinflammatory 
syndrome induced by adjuvants (ASIA)” including the adjuvant arthritis model 
induced by injection of CFA in experimental animals (Shoenfeld and Agmon-Levin 
2011; Colafrancesco et al. 2014). CFA-induced peripheral inflammation evokes 
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pro-inflammatory cytokines such as IL-1-beta, IL-6 TNF-alpha, and IFN-gamma 
(Lapchak et al. 1992; Chuang et al. 1997; Raghavendra et al. 2004). In vivo intoxica- 
tion with BP elicits a variety of physiological responses including a marked leukocy- 
tosis, disruption of glucose regulation, adjuvant activity, alterations in vascular 
function, hypersensitivity to vasoactive agents, and upregulation of MHC class II 
molecules (Tonon et al. 2002; Gao et al. 2003). BP-induced lymphocytosis is associ- 
ated with alteration in thymocyte subpopulations (Person et al. 1992). BP primarily 
affects and depletes thymic T cells with an immature phenotype. However, in the 
periphery of BP-treated mice, the relative increase in the number of CD4* T cells is 
more than that of CD8* T cells. In regard to pro-inflammatory cytokines, BP treat- 
ment induced the release of IL-6, IL-12, and TNF-alpha (Mielcarek et al. 2001; 
Tonon et al. 2002). In regard to the testis, CFA+BP treatment evoked testicular dys- 
function and also induced both cellular and humoral autoimmune responses against 
testicular autoantigens (Musha et al. 2013). Therefore, it may be possible that EAO 
is triggered by innate immunity following some optimal treatment with adjuvants 
alone. Moreover, there remains a possibility that tuberculosis, whooping cough, and 
vaccination for these two diseases affect testicular autoimmunity clinically. 

From the point of view of immune evolution, it may be interesting to try experi- 
mental testicular inflammation of autoimmune and non-autoimmune origins in 
primitive mammals such as Suncus murinus and nonmammals such as reptiles, 
birds, amphibians, fishes, and primitive animals. If male reproductive immunology 
in mammals is compared with that of other species, we may be able to derive some 
unknown findings about relation between TGC and immune cells. In regard to the 
fish, EAO has been demonstrated in Atlantic salmon and rainbow trout following 
intramuscularly immunization with the testicular homogenate+CFA (Laird et al. 
1980; Secombes et al. 1985a, b). Although granulomatous EAO could completely 
fill the seminiferous tubules and sperm duct, the lesion had no inhibitory effect on 
spermatogenesis during a subsequent maturation in the fishes. Immunization with 
testicular homogenate containing haploid TGC+CFA developed EAO, but immuni- 
zation with testicular homogenate containing only premeiotic TGC+CFA did not 
induce EAO in the fishes (Secombes et al. 1985b). In testicular homogenate+CFA- 
induced EAO of the Nile tilapia, inflammatory cells were composed of lympho- 
cytes, macrophages, eosinophils and plasma cells (Mochida et al. 1995). In regard 
to the bird, Wentworth and Mellen (1964) first succeeded in EAO induction in quails 
by immunization with testis in CFA. Later, the expression profiles of TLR were 
determined in the testis of roosters (Zhang et al. 2012). In roosters that were intra- 
venously injected with lipopolysaccharide, expression of TLR4 was significantly 
upregulated in the tesits but not in the epididymis. Furthermore, expression of IL-1- 
beta, IL-6, and other chemokines was also upregulated by lipopolysaccharide injec- 
tion (Zhang et al. 2012). The avian beta-defensins (avBD) are antimicrobial peptides 
and attack various microorganisms and may have efficacy to protect tissues from 
infection. In a study of the mRNA expressions of TLR and avBD of chicken sper- 
matozoa incubated with lipopolysaccharide in vitro, TLR-2 to TRL-5, TRL-7, TLR- 
15, and TLR-21 were identified, and avBD-1, avBD-3, avBD-5, and avBD-7 to 
avBD-12 were also expressed by the incubated spermatozoa (Das et al. 2011). In the 
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future, development of nonmammal EAO models with the lipopolysaccharide treat- 
ment or without depending on any bacterial component has been eagerly awaited. 

In conclusion, the function of pattern recognition receptors and their role in neg- 
atively regulating systemic tolerance to testicular autoantigens are areas for future 
research. The coordination between immune privilege and local innate immune 
responses is critical in the maintenance of testicular immune homeostasis. Notably, 
the innate immune response is a double-edged sword in that defense against micro- 
bial pathogens is critical for hosts to recover from infectious diseases, while the 
inflammatory milieu may cause damage to the host. Dissection of its regulatory 
mechanisms in the testis could aid the establishment of preventive and therapeutic 
approaches for testicular autoimmunity. 


8.2.11 Physiology of Natural Autoimmunity Against Testicular 
Antigens 


The spermatogenesis starts at puberty when tolerance to various autoantigens was 
already established long ago. For humans, the entire process of spermatogenesis is 
estimated as taking more than 70 days (Heller and Clermont 1964; Amann 2008). 
Including the transport on germ cell duct system, it takes approximately 3 months. 
The testis produces 200-300 million spermatids and spermatozoa daily; however, 
only half or approximately 100 million of these become viable spermatozoa, and the 
rest of them die in the germ cell ducts (Johnson et al. 1983). Therefore, new differ- 
entiation autoimmunogenic antigens derived from many dying spermatozoa should 
be highly and continuously exposed to the immune system beyond the 
BTB. Therefore, effective clearance of dying TGC is required for homeostasis of 
male reproductive system. Obviously, the homeostatic importance of autoclearance 
of TGC debris increases dramatically for prevention of testicular inflammation. 

In general, “autoimmune disease” is a pathological state arising from abnormal 
immune responses against autoantigens. On the other hand, “autoimmunity” is the 
presence of self-reactive immune response involving autoantibodies and autoreac- 
tive T cells, with or without damage resulting from it. Recently, it has been accepted 
that harmless autoimmune responses termed “natural autoimmunity” or “physio- 
logic autoimmunity” are an integral part of vertebrate immune systems, which do 
not reflect the potentially self-destructive activity of the immune system (Doria 
et al. 2012; Poletaev et al. 2012; Poletaev 2014). The desired, nondestructive level 
of physiologic autoimmunity is ensured by mechanisms of combined negative/posi- 
tive selection during immune maturation. Actually, anti-sperm autoantibodies and 
anti-TGC autoantibodies are detectable in normal males, indicating the presence of 
the natural autoimmunity against testicular antigens (Itoh et al. 1989; Hirai et al. 
2013; Musha et al. 2013). Therefore, in testicular autoimmunity, an intense autoim- 
munity induces autoimmune orchitis; however, a mild or faint autoimmunity may 
be beneficial and plays a role of one of the self-defense mechanisms of mammal 
system to survive (Fig. 8.2). Although it remains unclear how the natural autoim- 
munity works, an autoclearance function of the immune system may be mediated by 
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natural anti-sperm autoantibodies. Indeed, multitudes of natural autoantibodies of 
Ig G and Ig M classes have been permanently synthesized, secreted, and presented 
in the blood serum of all healthy persons during life span (Lacroix-Desmazes et al. 
1998), and large proportions of natural autoantibodies specifically bind to oxidation- 
associated neo-antigens that become exposed on dying cells (Chou et al. 2009). In 
the testis, many TGC die every day by physiological apoptosis and are replaced by 
new ones under normal condition. It is supposed that some TGC and epididymal 
spermatozoa autoantigens leaking to blood circulation are normally cleared by reac- 
tion with natural anti-TGC autoantibodies. Therefore, natural autoimmunity may be 
a ground for autoclearance of cell debris of strongly autotimmunogenic TGC. 

While a high level of autoimmunity is unhealthy, a low level of autoimmunity 
may be healthy and beneficial to survive (Fig. 8.4). The autoimmune attack on cells 
may be the consequence of cycling metabolic processes necessary for the blood 
homeostasis. Furthermore, it may involve “idiotype-antiidiotypic mechanisms,” 
proposed by Jerne (1974), wherein a network of antibodies capable of neutralizing 
self-reactive autoantibodies exists naturally within the body. Therefore, natural 
autoimmunity is involved in self-maintenance, self-reparation, and self-optimization 
and may provide a harmonious state under the constant pressure of the environment 
by autoreactive entity based on a complicated and interconnected network of natural 
autoantibodies and autoreactive lymphocytes (Poletaev 2014). In normal males, a 
physiological feedback mechanism involving various immune networks with anti- 
TGC autoantibodies and TGC-specific autoreactive lymphocytes may operate for 
prevention of the pathogenic autoimmunity. 

It is known that “allergy” is an immune response bringing harm rather than defense 
in the body. Therefore, the physiological autoimmune processes are preferably in rela- 
tion to the term “(natural) autoimmunity,’ while the pathogenic autoimmune ones 


Natural autoimmunity 
against TGC 


<=— Immune activity 


Normal spermatogenesis ===> Spermatogenic disturbance 


Fig. 8.4 Natural and pathogenic autoimmunity against TGC (testicular germ cells). Normal sper- 
matogenesis is achieved under physiological condition of the natural autoimmunity 
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may be appropriately expressed as the term “‘auto-allergy” (Poletaev 2014). In gen- 
eral, as an intrinsic feature of the immune system, autoantibodies and autoreactive 
lymphocytes are permanently present throughout the organism life and form the inter- 
connected system of self-recognition, and their functions are directed rather “inward” 
but not “outward” and are based on the intrinsic recognizing components of the “self,” 
In other words, production of particular autoantibodies and autoreactive lymphocytes 
should not be considered a side effect but rather a physiological reflection of the 
immune system. In the future, differential and critical points between the natural (ben- 
eficial) autoimmune reactions and the pathogenic (harmful) ones against testicular 
antigens will be more investigated. 


8.3 Concluding Remarks 


Spermatogenesis is the process in which spermatozoa are produced from sper- 
matogonial stem cells by way of mitosis and meiosis, and it starts at puberty and 
usually continues uninterrupted until death. In general, immunological compe- 
tence is acquired during the perinatal period and consists of the ability to recognize 
all antigens present at that time as self. Thereafter, new antigen appearing within 
the organism is considered “nonself’” or “neo-self”’ and, as immunological response, 
is raised against that antigen. Therefore, spermatids and spermatozoa appearing 
after puberty should be rich in antigens considered as “nonself” or “neo-self.” One 
of the most intriguing aspects of testis is the ability to generate haploid TGC, 
which are “foreign” or “new” to the host without triggering immune activation. 
However, increasing evidence indicates that self-tolerance is a far more complex 
phenomenon, which involves clonal deletion, clonal anergy, idiotype network, 
clonal ignorance, and Treg. Indeed, experimental conditions in which lymphocytes 
recognizing testicular autoantigens are present without leading to testicular auto- 
immunity have been demonstrated. Central tolerance is established before birth or 
during the perinatal period in different species but clearly occurs long before the 
appearance of developing antigens of spermatids and spermatozoa in mammals. 
Peripheral tolerance, on the other hand, is maintained throughout life by interac- 
tions between TGC autoantigen-presenting cells and relative T cells under toleriz- 
ing conditions, in which some immunoregulatory cytokines, ligands, leukocyte 
subsets, or a combination of these elements are present or absent. This tolerizing 
interaction results in responses ranging from downregulation of the autoreactive T 
cells to the generation of CD4*CD25* Treg cells or CD8* suppressor T cells 
(Mueller 2010; Hedger 2011). 

Spermatids and spermatozoa with new developing antigens are the last to be 
developed in various cells of individual mammal. Therefore, they exhibit a quite 
high autoimmunogenicity, by which testicular autoimmunity is induced. Indeed, 
differing from other organ-specific autoimmune diseases, various EAO models can 
be easily produced without usage of any adjuvants in both immunocompetent and 
immunodeficient animals. Clinically, the chronic rather than acute inflammation in 
the testis of autoimmune or non-autoimmune origin can affect spermatogenesis, 
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resulting in partial or complete male infertility. However, under normal condition, 
the local immunoregulatory environment, provided by the BTB, various testicular 
somatic cells, various intra-testicular cytokines and ligands, and intra-testicular 
innate and adoptive immunity systems, impedes testicular autoimmunity. Moreover, 
systemic immunoregulatory mechanisms acting on the autoreactive T cells play a 
critical protective role in testicular autoimmunity. While the testis is considered to 
be a remarkable immune-privileged site, the organ may easily receive acute or 
chronic autoimmune inflammation under some pathological milieu. It is suggested 
that continuous release of autoantigens of TGC and epididymal spermatozoa from 
the germ cell ducts to the circulation under normal and pathological conditions is 
responsible for maintaining peripheral tolerance to the autoantigens and also for 
evoking autoimmune responses to the autoantigens. Maintenance of normal sper- 
matogenesis appears to depend on both the sequestered environment of TGC and 
the existence of a balance between immunological responsiveness and circulating 
TGC antigens in “natural autoimmunity.” Further studies to know how the immuno- 
logical and non-immunological circumstances protect the testis from the autoim- 
mune attack will provide us important insights into interventions for male infertility. 
To grasp the circumstances, not only EAO models but also other various inflamma- 
tion and transplantation models of the testis may be useful. 
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